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1.0  Introduction 

This  interim  report  has  been  prepared  to  describe  progress  in  the 
first  six  month's  effort  of  a research  program  sponsored  ty  the  Air 
force  Office  of  Scientific  Research  contract  # R4620-76-C0115.  The 
results  of  our  current  research  activities  have  contributed  primarily  to  a 
philosophical  and  analytical  understanding  of  future  directions  for 
systems  anthropometry.  This  suggested  frame  of  research  is  discussed 
in  sections  that  follow  as  argumentative  propositions  from  vhich 
profitable  research  hypotheses  will  result.  Our  results  to  date  are 
based  upon  discussions,  readings  from  the  literature,  and  analysis  of 
available  data. 
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2.0  Perspective  on  Systems  Anthropp'netry 

Progress  in  dynamic  systems  anthropometry  for  the  past  20  years 
has  been  dominated  by  the  reports  and  papers  of  Wilfrid  Taylor  Dempster. 
His  Air  Force-sponsored  research  as  an  anatomist  led  to  a significant 
advance  in  our  understanding  of  the  dynamic  properties  of  the  human 
body.  In  essence,  he  s'ccessfully  illustrated  the  complexity  of  the  open- 
chain  link  system  of  the  human  body  but  decided  that  only  an  approximation 
of  the  linkage  system  geometry  was  possible  (Dempster,  1960).  He  assumed 
that  a "...  link. . .must  change  its  length,  of  course,  from  moment- to-moment 
in  an  unpredictable  way"  (p.  571,  1960).  Thus,  Dempster  conceived  body 
measurements  as  practical  point-to-point  lengths  similar  to  those  made  by 
traditional  anthropometrists  for  a hundred  years  or  more.  His  landmarks 
for  anthropometric  lengths  improved  estimates  of  the  possible  kinematic 
range  of  body  activity,  but  they  are,  at  best,  two-dimensional  approxi- 
mations. 

A recent  AMRL-sponsored  investigation  conducted  by  Snyder,  Chaffin 
and  Schutz  (1974)  continued  the  work  of  Dempster  into  the  torso.  Linkage 
concepts  were  again  utilized  as  points  on  and  in  the  body,  but  this 
investigation  presented  evidence  to  contradict  Dempster's  unpredictable 
link  assumption.  The  results  of  this  investigation  point  out  that  the 
dynamic  body  does  behave  in  a statistically  predictable  manner.  The 
variation  associated  with  the  predicted  results,  however,  must  be  care- 
fully considered  in  a model  of  the  open-chain  link  system  of  the  human 
body. 

For  our  purposes,  there  are  three  fundamental  sources  of  variation  - 
measurement  errors,  sampling  errors  and  population  differences.  An 


analogy  of  measuring  the  distance  between  two  chalk  points  on  a black- 
board demonstrates  these  errors.  First,  two  points  are  made  on  the 
blackboard  and  never  erased.  Measurement  error  is  the  difference  be- 
tween lengths  measured  in  successive  trials.  The  second  major  error  - 
sampling  - occurs  when  the  chalk  points  are  erased  and  put  on  the 
blackboard  at  the  time  of  each  successive  measurement.  Thus,  the 
points  at  each  time  of  measurement  represent  two  points  from  the  infinite 
population  of  points.  The  third  major  source  of  variation  - population 
differences  - occurs  in  chalkboard  and  chalk  which  are  not  manufactured 
uniformly.  These  differences  are  often  referred  to  as  problems  in 
quality  control  and/or  tolerance  in  machines  and  adaptative  variation 
in  biological  populations.  All  three  of  these  sources  of  variation 
interact  and  each  contains  part  of  the  other  in  an  hierarchy  going  from 
measurement  and  sampling  error  to  population  differences. 

There  are  possible  strategies  available  to  minimize  the  effects 
of  this  variation  on  the  predictive  results  (Churchill  and  McConville, 
1976). 

Strategy  1 . Sample  size  may  be  decreased  as  measurement  accuracy 
increases.  Thus,  the  level  of  confidence  is  based  upon  measurement 
accuracy  and  precision  rather  than  a large  sample  size. 

Strategy  2.  Experimental  variation  due  to  sampling  errors  and 
population  differences  may  be  reduced  by  appropriate  subject  selection. 

To  summarize  what  has  been  said  thus  far  - Systems  Anthropometry 
and  Dempster's  Dynamic  Anthropometry  have  the  same  goals  but  different 
methodologies.  Dempster  did  not  develop  either  a set  of  data  or  a 
methodology  which  would  be  capable  of  treating  the  human  body  as  a 
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three-dimensional  dynamic  system.  Dempster  primarily  refined  the  land- 
marks used  in  traditional  anthropometric  studies  by  demonstrating 
relationships  between  a complex  open-chain  linkage  model  of  the  body 
limbs  and  certain  bony  landmarks  on  those  limbs. 

The  research  task  at  present  is  to  lay  the  foundation  for  an 
anthropometric  description  of  the  body  that  will  be  suitable  for  three- 
dimensional  predictive  models  (e.g.  manikins,  mathematical , statistical) 
of  dynamic  behavior  of  the  body.  Figure  1 presents  a systems  analysis  of 
how  and  where  this  systems  anthropometry  will  be  used  to  solve  dynamic 
man-machine  interface  problems.  This  approach  presumes  that  if  the  geometry 
and  the  forces  in  an  environment  can  be  specified,  the  results  of  dynamic 
interaction  between  man  and  machine  can  be  predicted.  As  a consequence, 
insight  into  possible  risks  and  benefits  can  be  obtained  from  modeling 
results  prior  to  hardware  implementation  and  experimental  testing.  For 
example,  the  effect  of  a change  in  the  design  of  a restraint  system  could 
be  simulated  in  a dynamic  model  to  obtain  information  on  the  possible 
benefits  or  risks  of  such  changes  for  the  population.  Empirical  quantitative 
descriptions  of  the  environment  are  more  available  than  equivalent  descrip- 
tions of  the  human  body.  This  is  particularly  evident  in  our  knowledge  of 
body  geometry  and  the  probabilistic  distribution  of  these  geometries  in  the 
population.  Once  the  methodology  is  formulated  and  appropriate  data 
collected,  the  more  traditional  experimental  approach  using  the  actual 
physical  environment  can  be  used  to  validate  the  predicted  results  rather 
than  to  evaluate  the  man/machine  system. 

The  characteristics  of  this  systems  anthropometry  that  differentiate 
it  from  other  efforts  is  the  unique  combination  of  deterministic  parameters 
with  probabilistic  functions  that  describe  the  fundamental  properties  of 
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the  dynamic  human  body.  The  fundamental  deterministic  parameters  of  links, 
mass,  shape,  and  strength  have  probabilistic  properties.  It  is  also 
recognized  that  the  deterministic  force-displacement  parameters  have 
probabilistic  properties,  but  they  are  confounded  by  unique  dynamic-task- 
environments.  Presently,  for  lack  of  the  needed  empirical  data  on  all 
of  these  parameters  in  the  population,  every  instance  in  which  a variable 
in  a specified  task-environment  is  modified  or  changed,  new  empirical  data 
are  needed  to  determine  the  response  characteristics  of  the  dynamic  body. 

In  some  instances,  the  task-environment-body  relationships  may  be  assumed 
to  be  collinear  in  a simulation.  This  simplifies  the  problem  but  brings 
in  a major  risk  factor  in  the  assessment  of  the  results.  Therefore,  it 
appears  that  with  more  empirical  data  describing  the  fundamental  properties 
of  the  human  body  that  have  probability  distributions,  the  risk  factors 
in  assessing  the  simulation  results  may  be  reduced.  Figure  1 attempts 
to  present  a systems  overview  of  how  the  major  parameters  in  a simulation 
would  be  utilized  relative  to  the  type  of  parameters  and  type  of  data. 

Recent  modeling  and  experimental  efforts  at  the  University  of  Illinois 
at  Chicago  Circle  by  Andriacchi,  Schultz,  Belytschko  and  others  sharply 
illustrates  the  paucity  of  empirical  data  on  the  dynamic  geometry  of  the 
human  body.  These  investigators  have  attempted  to  study  the  human  spine 
in  a geometrical  configuration  model  (Schultz  and  Galente,  1970).  They 
used  planar  radiographic  data  from  Bakke  (1931)  for  range  of  motion  (in 
vivo),  and  in  a more  recent  study  (Andriacchi,  et  al,  1974),  they  used 
data  on  osteological  specimens  from  Lanier  (1939)  and  anthropometric  in- 
formation on  embalmed  cadavers  from  Clauser,  McConville  and  Young  (1969) 
for  spinal  geometry.  It  is  remarkable  that  these  sources  are  available 
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I and  that  the  investigators  in  Chicago  were  capable  of  synthesizing  data 

' with  such  unique  differences.  This  sort  of  examination  of  the  basic 

I data  set  in  models  leads  only  to  questions  of  validation  and  application. 

^ Others  have  approached  their  modeling  efforts  from  the  same  basis  - in 

^ essence,  educated  guesses  of  the  body  linkage  geometry. 


Our  current  description  of  the  human  body  linkage  system  is  derived 
from  a series  of  interconnected  fixed  surface  landmarks.  Lengths  between 
these  surface  landmarks  are  measured  on  the  body  by  various  techniques 
and  incorporated  into  models.  For  example.  Figure  2 presents  a stick-man 
model  based  on  two  studies  (Dempster,  1964;  Snyder,  Chaffin  and  Schultz, 

1972)  that  relied  primarily  on  the  surface  expression  of  the  skeletal 
landmarks  sutiable  for  a linkage  model  of  the  human  body.  While  this 
approach  can  present  basic  generalized  body  linkage  configuration  infor- 
mation, it  relies  on  only  one  physical  dimension— point-to-point  lengths. 

The  addition  of  other  physical  dimensions--time  and  mass--increases 
the  complexity  of  the  problem  but  still  requires  a basic  understanding  of 
the  human  linkage  system.  A recent  kinematic  study  of  paths  of  movement 
of  the  upper  extremity  (Ayoub,  Deivanayagam,  and  Kennedy,  1976)  demonstrates 
the  complexity  and  magnitude  of  the  problem  when  the  linkage  system  is 
studied  by  measurements  of  length  and  time.  These  paths  of  motion  were 
measured  in  a limb  composed  of  several  joints  each  of  which  has  several 
degrees  of  freedom.  A major  source  of  variation  in  their  results  is 
apparently  observed  in  the  paths  of  extension  and  return  of  the  arm  to 
the  initial  position.  Variation  observed  in  the  two  total  paths  may  be 
ascribed  to  an  interaction  between  the  musculo-skeletal  system  and  the  laws 
of  physics  (e.g.  the  effect  of  gravity  might  have  accentuated  this  variation). 
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In  my  opinion,  their  results  point  out  that  there  may  be  more  repro- 
ducibility associated  with  the  initial  and  final  body  position  geometry 
than  in  the  paths  of  motion  between  the  two  configurations.  That  is  to 
say,  variation  in  the  static  geometry  of  the  initial  and  final  positions 
is  primarily  a function  of  anatomical  differences  in  body  size  whereas 
variation  in  the  paths  of  motion  is  possibly  a function  of  several  in- 
dependent external  and  internal  parameters  that  have  unique  relationships 
to  these  paths  of  motion. 

Other  studies  have  concentrated  on  the  length  and  mass  dimensions 
of  the  body  (Clauser,  et  al.,  1969;  Chandler,  et  al.,  1975).  These  in- 
vestigations have  continued  research  in  the  mass  distribution  of  the 
body  relative  to  a fixed-length  linkage  system.  They  have  measured  each 
segment  in  the  appendages--arms,  legs,  and  head— as  a fixed-length  link 
with  inertial  properties.  These  segments  have  been  treated  as  rigid  bodies 
connected  at  hinge  points  in  the  joints. 

However,  the  torso  does  not  apparently  behave  as  a unit  or  as  a 
series  of  discrete  segments  in  regard  to  the  relationship  between  its 
links  and  mass  distribution.  Pa?t  efforts  at  segmenting  the  body,  and  in 
particular,  the  torso,  are  depicted  in  Figure  3 (Dempster,  1955)  and 
Figure  4a  (Clauser,  et  al.,  1969;  Chandler,  et  al . , 1975)  and  4b  (studies 
on  the  living).  Only  Dempster  attempted  to  deal  with  the  complex 
V’elationship  between  mass  distribution  and  the  linkage  system  of  the  torso. 
Wis  segmentation  plan  was  based  upon  musculature  associated  with  his 
’linkage  system  concept  in  the  shoulder  and  a functional  anatomical  division 
of  upper  and  lower  torso  (See  Figure  3). 

Thus,  the  addition  of  a second  physical  dimension  produces  immediate 
methodological  consequences.  The  present  investigation  is  systematically 
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Figure  3.  Segmentation  Scheme  Used  by  Dempster  (1955)  to  Arrive  at 
27  Segments  by  Starting  at  Proceeding  Through  b,  and  £ Cuts. 


Figure  4.  Body  Segmentation  used 
on  Cadavers  (a)  by  Clauser,  et  a1 . 
(1969)  and  Chandler,  et  al . (1975) 
and  on  Living  Subjects  (b). 


approaching  the  study  of  man  in  a dynamic  mode  that  requires  measurements 
of  length  and  mass  in  the  context  of  time.  The  foundation  of  a new 
systems  anthropometry  will  lie  in  a methodology  that  can  treat  the  human 
body  as  a dynamic  system.  As  a result,  a unique  synthesis  of  several 
fields  of  investigation  is  occurring  and  new  words  are  forming  and  old 
words  are  taking  on  a new  moaning. 

The  study  of  the  link,  shape,  mass  and  strength  of  the  human  body 
as  a system  may  be  called  "anthropomechanics"  - a cumbersome  word,  but  it 
conveys  the  desired  meaning.  The  data  generated  in  this  field  of  investi- 
gation are  ultimately  used  in  simulations  that  study  the  activity  or 
response  of  a body  within  a given  dynamic  environment.  There  has  been  a 
division  in  the  data,  personnel  and  models  that  treat  the  activity  of 
the  body  in  workspace  problems  separately  from  the  response  of  the  body 
in  impact  and  acceleration  problems.  It  is  felt  that  this  division  is 
perhaps  more  artificial  than  real.  Figure  4 presents  a comparison  of  the 
two  types  of  models  with  respect  to  some  general  parametric  characteristics 
of  each.  For  three-dimensional  models,  the  anthropomechanical  data  input 
appears  to  be  more  different  in  semantics  than  in  substance.  The  real 
differences  appear  in  the  deterministic  environments  represented  in  both 
models.  These  differences  probably  will  require  analytically  different 
approaches  until  mathematical  and  computer  techniques  are  sufficiently 
advanced  to  handle  the  real-time  and  display  differences.  Despite  these 
differences,  the  effect  upon  anthropomechanical  data  required  is  negligible. 
The  environmental  requirements  of  three-dimensional  analysis  makes  the 
two  problems  even  more  comparable  in  their  anthropomechanical  data 
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Figure  5.  Comparison  of  parametric  characteristics  of  Workspace 
and  Impact  Models. 


3.0  Methodological  Considerations  for  Systems  Anthropometry. 

The  preceding  section  attempted  to  place  Systems  Anthropometry 
within  the  perspective  of  past,  present,  and  future  research  utilization. 
Actual  implementation  of  a methodology  that  will  lay  the  foundation  for 
Systems  Anthropometry  is  in  the  developmental  stage.  As  a result,  some 
of  the  elements  required  in  a Systems  Anthropometry  will  be  discussed  in  the 
following  subsections.  These  elements  are,  in  general,  landmark  definition, 
three-dimensional  geometric  measurements,  and  kinematical  problems  of 
Systems  Anthropometry. 


3.1.  Landmark  Definitions 


Landmark  definition  is  perh.aps  one  of  the  most  critical  problems  con- 
fronting advances  in  three-dimensional  systems  anthropometry.  Analysis  of 
errors  arising  from  presently  available  identification  techniques  of  land- 
marks is  discussed  in  a following  section  by  D.  Hurley  Robhins.  The 
errors  are  significant  problems  for  both  accuracy  and  precision  of  the 
results,  and  efforts  to  reduce  the  error  by  a significant  amount  may 
require  an  independent  research  investigation. 

At  present,  we  have  devised  a targeting  technique  which  has  solved 
some  of  the  problems.  Radiographic  tests  of  the  technique  revealed  that 
the  target  is  visible  on  radiographs  of  osteological  specimens  (Figure  6). 
The  target  is  made  of  four  small  wires  of  tungsten  arrayed  in  a pattern 
that  defines  a point  on  the  surface  of  any  irregularly  shaped  body.  A 
maleable  target  of  minimal  depth  is  necessary  due  to  the  three-dimensional 
requirement  of  observing  the  same  point  in  two  separate  views.  This 
targeting  procedure  should  meet  the  geometric  requirements  of  landmark 
definition  but  we  may  encounter  imaging  problems  when  the  targets  are 
applied  and  radiographs  are  taken  of  cadaver  subjects.  Accurate  identi- 
fication of  the  anatomical  landmark  may  remain  basically  a perceptive 
quality  of  the  investigator  but  perhaps  the  precision  with  which  the  land- 
marks are  targeted  will  be  increased  through  the  use  of  the  previously 
described  targeting  device. 

A major  barrier  for  dynamic  anthropometry  for  many  years  has  been 
found  in  the  landmarks.  Basically,  without  a discrete  point,  uniquely 
defined,  measurements  only  approximate  a fixed  body  geometry.  Traditional 
definitions  have  primarily  relied  upon  the  surface  expression  of  skeletal 
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or  muscular  landmarks.  For  the  purposes  of  three-dimensional  systems 
anthropometry,  landmarks  will  be  projected  onto  the  skeleton  as  vectors 
from  the  body  surface.  The  targeting  device  aids  in  the  solution  to  the 
immediately  asked  question  of  "how  do  you  define  a point  on  the  surface 
of  the  skin?"  In  essence,  the  targeting  device  defines  the  point  and 
the  anthropometrist  defines  the  area.  The  problem  changes  from  defining 
a finite  point  in  a large  surface  area  to  defining  a finite  area  and 
measuring  a point  defined  by  the  target.  Thus,  the  accuracy  of  point 
definition  is  determined  by  the  accuracy  of  the  targeting  device,  and  the 
precision  of  point  definition  is  determined  by  the  area  boundary  definition. 

In  conclusion,  landmarks  must  be  selected  and  defined  initially  on 
osteological  material.  They  must  be  palpable  from  the  surface  of  the 
skin,  as  well  as  targetable  for  a radiograph.  The  experimental  procedure 
will  be  to  study  the  skeleton  to  define  landmarks  and  then  measure  the 
location  of  a surface  target  relative  to  those  skeletal ly-defined  landmark 
locations.  Since  this  investigation  is  using  fresh  cadavers,  the  program 
will  consist  first  of  x-raying  the  body  in  a fixed  position  with  the 
appropriate  surface  targets  in  place.  Next,  the  skeleton  will  be  exposed 
immediately  under  the  surface  ("external")  landmark  and  another  set  of 
radiographs  made  for  the  same  unaltered  body  position  to  measure  the 
location  of  skeletal  ("internal")  landmarks.  The  results  will  provide 
a correlation  of  three-dimensional  cartesian  coordinate  locations  of  the 
two  target  locations  (external  and  internal).  The  remaining  investigative 
activities  will  be  devoted  to  the  mathematical  functions  of  those 
landmarks  relative  to  the  joint  centers  of  mobility. 


3.2  Three-dimensional  Geometry:  Axes  Systems. 

Three-dimensional  geometric  data  requires  the  use  of  frames  of 
reference  (Figure  7).  There  are  two  probable  origins  for  the  primary, 
inertial  frame  of  reference  that  are  dependent  upon  the  initial  anatomical 
position.  At  present,  the  origin  for  the  seated  position  should  be  the 
the  Seat  Reference  Point  (SRP)  and  the  Floor  Reference  Point  (FRP)  for  the 
standing  position.  In  both  instances  the  principal  axes  will  have  the  same 
orientation.  The  z-axis  will  be  aligned  with  the  vertical  gravity  vector, 
the  X-  and  y-axes  will  be  in  the  horizontal  plane.  Their  orientation  will 
be  determined  by  the  anatomical  orientation  of  the  body  such  that  posterior 
to  anterior  defines  the  + x direction,  right  lateral  to  left  lateral  defines 
the  + y direction,  and  inferior  to  superior  defines  the  + z direction.  Only 
in  the  initial  anatomical  position  will  it  be  necessary  to  establish  these 
directions,  thereafter,  they  will  remain  fixed  and  immutable.  In  summary, 
the  primary  frame  of  reference  will  be  a right-handed  orthogonal  axis 
system  relatively  aligned  with  the  gravity  vector  and  fixed  to  the 
environmental  geometry. 


The  secondary  reference  system  will  be  defined  by  anatomical  landmarks 
measured  with  cartesian  coordinates  in  the  primary  axis  system.  This 
secondary  axis  system  will,  however,  have  statistical  properties  that  will 
not  be  observed  in  the  primary  axis  system.  That  is,  it  will  reflect 
variation  in  the  population  and  therefore  have  a probable  error  assoc- 
iated with  it.  The  secondary  axis  system  defined  in  the  pelvis  by  the 
right  and  left  anterior  superior  iliac  spines  and  symphysion  reflects 
measurement  error,  sampling  error  and  population  differences  whereas  the 
primary  axis  system  only  contains  measurement  error.  This  pelvis  axis 
system  has  been  proposed  for  use  at  NAMRL  in  their  human  volunteer  sled 
tests  (Thomas,  personal  communication). 


At  least  one  other  axis  system  is  needed  to  define  completely  the 
geometry  for  simulating  motion  of  a multi-segment  body.  This  tertiary  axis 
system  defines  the  spatial  orientation  of  each  segment,  the  location  of  the 
joint  centers  of  mobility,  the  location  of  segment  centers  of  mass,  and  a 
reference  frame  for  the  momental  ellipsoid  of  inertia.  Each  tertiary  axis 
system,  however,  must  be  carefully  defined  so  that  there  is  no  motion  between 
landmarks  used  in  its  definition.  Thus,  the  axis  system  will  be  "stable"  and 
always  reflect  motion  of  the  segment  relative  to  the  secondary  axis  system. 

Traditional  simulation  concepts  have  considered  the  body  as  a 
series  of  interconnected  rigid  geometrical  bodies  that  simulate  the  segments  of 
the  body.  Hanavan  (1964)  defined  such  a model  for  estimating  the  mass 
distribution  properties  of  the  whole  body  in  various  fixed  positions.  In 
Hanavan 's  model,  as  well  as  succeeding  more  sophisticated  models,  segment 
axes  systems  have  been  defined  by  the  principal  axes  of  inertia  located 
at  the  segment's  center  of  mass.  Dynamic  simulations,  founded  in  a deter- 
ministic philosophy  from  which  mechanistic  analogues  of  the  human  body 
have  been  devised,  treat  each  segment  as  pivoting  "mass-links."  Thus, 
each  link  has  a fixed  pivot  point,  fixed  mass,  and  the  geometry  of  the  mass 
is  partially  defined  by  its  fixed-length  link.  This  analytical  treat- 
ment is  mathematically  "clean"  since  it  uses  intrinsic  properties  of  the 
geometric  bodies  to  simulate  anatomical  segments  of  the  human  body. 

The  linkage  system  has  thus  become  an  engineering  concept  super- 
imposed upon  the  human  anatomy.  It  cannot  supplant  the  musculo-skeletal 
system  since  the  link  is  a conceptual  parameter  for  describing  body  motion 
and  does  not  incorporate  any  of  the  random  properties  of  the  human  dynamic 
system.  Links  have  been  defined  as  straight-line  distances  between  proximal 
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and  distal  pivot  points  which  represent  joint  centers  of  rotation.  However, 
these  joint  centers  of  rotation  are  in  reality  probabilistic  paths  of 
instantaneous  centers  of  joint  rotation  v;hich  can  and  do  apparently  change 
the  link  length  as  a function  of  movement  in  adjacent  segments  (Dempster, 

1960).  Thus,  the  fixed-length  link  is  not  a fundamental  anatomical  unit 
but  an  analytical  engineering  tool  with  which  the  skeleton  and  joints 
have  been  modeled. 

The  present  research  is  therefore  developing  different  analytical 
concepts  of  the  linkage  system  utilizing  joint  centers  of  mobility  and 
changing  link  lengths  which  affect  the  choice  of  landmarks  of  segment  axis 
system  definition.  Systems  anthropometry  will  perhaps  not  change  the  use  of 
some  of  these  geometric  shape  simulations  to  estimate  the  mass  distribution 
properties  of  segments,  but  it  will  provide  three-dimensional  data  on  the 
location  of  anatomical  landmarks  used  to  define  segment  axes  systems.  There- 
fore, landmarks  used  in  defining  axes  systems  must  be  chosen  such  that  they 
are  "stable"  and  always  remain  fixed  between  adjacent  joint  centers  of 
mobility  that  define  the  segment. 

In  addition,  as  illustrated  in  Figure  7,  the  center  of  mass  and 
momental  ellipsoid  of  inertia  of  each  segment  can  also  be  located  relative 
to  the  tertiary  axis  system.  These  mass  distribution  properties  could  then 
be  based  upon  empirically  predicted  data  rather  than  the  current  estimates 
based  upon  geometric  models.  To  date,  empirical  information  on  the  direction 
and  location  of  the  principal  axes  of  inertia  have  been  measured  only  once 
on  six  embalmed  male  cadavers  (Chandler,  et  al.,  1975).  An  investigative 
effort  is  presently  in  progress  sponsored  jointly  by  AMRL  and  NHTSA  to  quantify 
these  parameters  on  a sample  of  thirty  living  men.  This  new  study  will 
investigate  only  the  mass  distribution  properties  of  these  subjects  and  not 
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the  kinematic  properties  necessary  for  a complete  description  of  the  human 
dynamic  system.  In  order  to  relate  these  new  results  with  the  results  of 
the  present  investigation,  comparable  segment  axes  systems  based  upon 
anatomical  landmarks  are  necessary.  Each  segment  axis  system,  therefore, 

is  defined  by  three  surface  landmarks.  Within  this  axis  system,  the  principal  i 

j 

axes  of  inertia  will  be  located  at  the  segment  center  of  mass.  The  present  | 

investigation  has  proposed  a similar  procedure  to  locate  the  joint  center  of  ; 

mobility  for  each  major  joint.  As  a result,  the  inertial  and  kinematical  \ 

■f 

geometries  may  be  described  comparably  within  the  same  set  of  axes  systems.  ; 

However,  the  axes  systems  must  be  defined  and  described  carefully  since  some 

f 

of  the  landmarks  currently  being  used  for  their  definition  may  need  to  be  / 

re-defined  as  research  progresses  in  the  present  investigation.  j 
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3. 3.  Kinematical  Problems  for  Systems  Anthropometry 

The  kinematical  problem  focuses  on  joint  centers  of  mobility.  Previous 
efforts  have  simulated  body  motion  using  hinge  points  that  introduce  errors 
in  some  link  length  estimates  of  as  much  as  5 cm.  (Dempster,  1955).  Since 
the  body  is  an  open-chain  link  system  of  many  biomechanical ly  significant 
joints,  the  difference  in  geometric  body  motion  configuration  between  pre- 
dicted and  real  could  become  substantial. 

In  order  to  reconcile  these  geometric  differences,  a three-dimensional 
anthropometry  is  required  that  quantitatively  defines  joint  kinematics. 

Link  length,  therefore,  can  be  considered  to  be  the  result  of  three-dimen- 
sional body  position  at  a fixed  point  in  time.  It  would  not  be  a measured 
quantity  but  a parameter  derived  from  an  analysis  of  body  geometry.  This 
is  perhaps  the  most  radical  implication  of  three-dimensional  systems  anthro- 
pometry. That  is,  the  linkage  system  may  be  defined  by  centers  of  joint 
nwbility  located  within  anatomical  axes  systems. 

Phase  II  will  investigate  the  thigh,  pelvic,  and  lumbar  segments 
that  provide  contrasts  in  the  problems  encountered  in  joint  centers  of 
mobility  and  axes  systems  definition  in  the  body.  For  example,  the  thigh 
has  three  landmarks  on  the  femur  at  Trochanterion  and  the  right  and  left 
femoral  condyles  whereas  the  lumbar  region  contains  4 to  6 vertebrae  that 
are  difficult  to  identify  with  palpation  and  also  have  some  relative  motion 
among  them  (Snyder,  et  al.,  1974).  The  pelvis  is  perhaps  best-suited  for 
defining  an  anatomically-based  axis  system,  because  it  has  several  reasonably 
well-defined  skeletal  landmarks  that  are  commen sura tel y distant  from  one 
another. 

Geometric  description  of  joint  centers  of  mobility  can  be  resolved 
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into  experimental  hypotheses.  First,  what  is  the  size,  or  volume,  of 
each  joint  center  of  mobility  boundary?  Thus,  can  the  joint  centers  be 
adequately  modeled  as  points  or  are  probabilistic  paths  of  instantaneous 
joint  centers  of  rotation  necessary?  These  questions  must  be  posed  for 
each  significant  joint  which  in  the  present  investigation  would  be  initially 
the  hip  joint  centers  and  the  L5/S1  joint  centers  of  mobility. 

For  example,  the  hip  has  a ball-and-socket  joint  whose  center  of 
rotation  has  been  traditionally  defined  by  Trochanterion  on  the  femur  in 
anthropometric  surveys.  Dempster  (1955)  proposed  however,  that  the  hip 
joint  center  could  only  be  located  within  a "...1.2-  to  1.5- inch  ellipse" 

(p.  117)  when  measured  as  a point  halfway  between  the  seat  surface  and  the 
anterior-superior  iliac  spine  with  the  body  in  a seated  position.  Thus, 
the  location  of  the  hip  joint  center  has  a certain  amount  of  error  which 
according  to  Dempster  could  be  substantial.  It  would  appear  that  a point 
may  not  be  sufficient  to  describe  the  geometry  of  joint  mobility  found 
in  the  hip.  Since  the  L5/S1  joint  center  of  mobility  has  not  been  equally 
studied,  any  conclusions  regarding  it  would  be  premature  except  to  say 
that  its  skeletal  geometry  restrict  motion  to  a larger  degree  than  found 
in  the  hip  joint.  Thus,  the  lumbar/pelvic  joint  center  of  mobility  may 
be  less  complex  than  the  pelvic/femur  center. 

Other  hypotheses  can  be  posed  for  experiments  that  test  the  degree 
to  which  differing  amounts  of  motion  of  one  segment  relative  to  an  adjacent 
fixed  segment  affects  the  geometry  of  the  joint  center  of  mobility.  For 
example,  the  femur  is  a rigid  bone  whose  path  of  motion  in  the  sagittal 
plane  relative  to  a fixed  pelvis  axis  system  can  be  plotted.  The  geometry 
of  the  joint  center  of  mobility  must  be  studied  in  the  hip  joint  relative 
to  the  total  time  elapsed  for  the  motion.  Thus,  is  the  description  of  the 


hip  joint  center  of  mobility  from  a time-lapse  stereo-radiographic  series 
of  measurements  applicable  to  a "high-speed"  environment?  Tests  of  a 
rate-dependency  hypothesis  require  time-lapse  and  high-speed  (over  100 
frames  per  second)  radiographic  capability  both  of  which  are  available  at 
HSRI. 


The  actual  test  configuration  has  not  been  decided,  but  the  possi- 
bility of  using  non-human  primates  is  being  discussed.  Non-human  primates 
would  be  desirable  in  order  to  determine  the  amount  of  information  needed 
by  type  of  joint  and  associated  degrees  of  freedom,  and  also  to  test  the 
relationship  between  in  vivo  and  fresh  primate  cadaver  kinematic  results. 
Furthermore,  the  non-human  primates  have  a very  real  advantage  over  fresh 
cadavers  in  regard  to  their  body  size  and  physical  maneuverability.  The 
use  of  non-human  primates,  however,  would  not  provide  quantitative  data 
applicable  to  the  humin  body  but  would  make  dynamic  research  hypotheses 
more  feasible  to  test.  Thus,  based  upon  the  results  obtained  from  a very 
limited  number  of  non-human  primates,  the  types  of  data  required  to  des- 
cribe and  predict  the  kinematic  behavior  of  the  joint  center  of  mobility 
could  be  prescribed. 

Subsequent  studies  would  then  be  undertaken  to  determine  the  most 
probable  paths  of  motion  for  each  major  joint  center  of  mobility.  For 
example,  for  each  degree  of  freedom  in  a joint,  one  equation  describing 
the  most  probable  path  of  motion  would  be  defined.  The  hip  joint  has  three 
degrees  of  freedom  defined  by  extension-flexion  in  a para-sagittal  plane, 
abduction-adduction  in  the  frontal  plane,  and  rotation  in  the  transverse 
plane.  As  a result,  each  plane  would  contain  a most  probable  path  of 
motion  which  would  be  empirically  described  relative  to  the  pelvic  axis 
system.  A generalized  form  of  the  data  will  be  necessary  since  they  must 


describe  the  joint  center  of  mobility  geometry  for  a specified  sample  of 
individuals  within  the  population. 

In  conclusion,  this  section  has  significant  implications  for  Phase 
II  and  following  research  in  Phase  III.  In  postulating  the  methodological 
implications  of  systems  anthropometry,  several  research  problems  have  been 
discussed.  Solution  of  these  problems  will  represent  significant  progress 
in  our  knowledge  of  the  dynamic  human  body.  Specifically,  these  results 
will  eventually  provide  the  basis  for  a complete  geometric  description  of 
the  dynamic  human  body  based  on  empirical  data. 


4.0.  Task  Reports  for  Phase  I 


The  following  subsections  have  been  written  by  menijers  of  the 
research  team.  Each  section  summarizes  the  results  of  specific  tasks 
identified  by  the  project  director  to  accomplish  the  goals  of  Phase  I. 
The  goals  and  appropriate  sections  are  as  follows: 

a)  Establish  the  data  collection  methodology  for  the  new  system 
anthropometry,  including  development  of  a means  of  spatially  identifying 
anatomical  and  anthropometric  landmarks  suitable  for  a three-dimensional 
coordinate  description. 

Subsection  4.1  D.  H.  Robbins 

4.2  M.  Bender 

b)  Develope  a data  analysis  methodology,  and  determine  utility 
of  the  data  in  present  or  future  models,  such  as  AMRL's  COMBIMAN  Model. 

Subsection  4.3  H.  M.  Reynolds  and  D.  H.  Golomb 

4.5  D.  H.  Golomb 

c)  Coordinate  data  collection  and  analysis  in  mutually  compli- 
mentary formats. 

Subsection  4.4  H.  M.  Reynolds 

4.6  B.  Bowman 

4.7  J.  Freeman 

d)  Examine  and  analyze  three-dimensional  cartesian  coordinate 
data  already  collected  on  280  individuals  for  the  development  of  suit- 
able statistical  summarization  and  presentation  techniques. 

Subsection  4.5  D.  H.  Golomb 

Some  of  these  sections  will  serve  as  the  basis  for  papers  to  be 
presented  at  scientific  meetings  as  well  as  publications  in  scientific 


journals.  In  particular,  Subsections  4.1  and  4.3  will  be  used  for  oral 
presentations  and  4.5  will  be  used  as  the  basis  for  two  written  publica 
tions.  The  overall  results  of  Phase  I research  will  be  discussed  in 
Section  5.0  with  the  addition  of  specific  recommendations  for  Phases  II 


and  III. 


4.1.  Errors  in  Definition  of  an  Anatomically-Based  Coordinate  System 
Using  Anthroporr.etn'c  Data. 

by  D. . H . Robbins 

4.1.1.  Introduction 

Given  the  spatial  location  of  three  non-col  1 inear  points  on  the 
human  body,  it  is  possible  to  construct  a coordinate  system  v;hich  can 
be  used  to  describe  the  motion  of  the  body  or  body  segments,  provided 
that  the  points  remain  equidistant  from  one  another  and  are  rigidly 
fixed  to  that  part  of  the  anatomy  in  question.  However,  it  is  known  that 
it  is  not  possible  to  obtain  the  precise  location  in  space  of  points  on 
the  body  using  common  techniques  of  anthropometry.  Therefore,  it  follows 
that  some  error  is  inherent  in  any  coordinate  system  which  is  constructed 
from  anthropometric  data.  The  purpose  of  this  discussion  is  to  present 
formulas  for  defining  the  location  of  a coordinate  system  in  space 
based  on  anthropometric  data  and  to  demonstrate  the  uncertainty  of  its 
location  using  estimated  data  from  the  human  pelvis. 

Figure  8 shows  coordinate  systems  and  data  for  the  human  pelvis. 
Location  of  the  pelvis  is  defined  by  three  points— left  and  right  anterior 
superior  iliac  spines  and  symphysion  (points  1,  2,  and  3).  An  inertial 
coordinate  system  (I,  J,  K)  is  shown  superimposed  on  a moving  pelvic 
system  defined  by  (i,  j,  k).  Data  in  the  x,  y,  z system  for  the  three 
points  are  based  on  best  estimates  of  professional  anthropometrists. 
Potential  error  estimates  for  the  points  represents  a consensus  opinion. 
The  fourth  point  (4),  which  is  the  origin  of  the  moving  pelvis  coordinate 
system,  is  located  by  dropping  a perpendicular  from  point  1 to  a line 
connecting  points  2 and  3.  It  is  apparent  that  point  4 and  the  axes  of 
this  moving  system  will  not  coincide  with  the  inertial  system  when 
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SYMPHYSION 


X (cm) 
0 ± 2 
0 ± 1 
0 ± 1 


y (cm) 
0 ± 2 
14  ± 5 
-14  ± 5 


Figure  8.  Pelvic  Data  and  Coordinate  System 


errors  of  measurement  occur  in  the  anthropometric  data. 

4.1.2.  Analysis. 

The  direction  of  the  coordinates  in  the  moving  system  are  given 
by: 

j 

I i = ajl  + U2J  + asK 

j = 3il  + 62J  + 33K 

' k = Yi^  tad  + Y3^ 

j 1 Direction  cosines  for  the  y-axis  will  be 

! V 3i  = [(X2  - X3)  + (6X2  - <SX3)]/d23 

j ■ 

‘ &2  - [(ya  - ya)  + i^yz  - '5y3)]/da3 

‘ 3s  = [(za  - Z3)  + (<5Z2  - <5Z3)]/da3 

where 

d2  3 = [(x2  - X3)  + (6X2  - 6x3)]^  + [(y2  - ya)  + i^Vz  - <5y3)]^  + 

+ [(z2  - 23)  ('5za  - fiza)]^' 

and  6x1,  6X2,  and  6x3  are  the  errors  inherent  in  the  anthropometric 
' data.  The  z-axis  is  defined  by  dropping  a perpendicular  from  point  1 to 

V the  y-axis  yielding 

’ ' Y1  = (Xl  + 6X1  - X4)/di4 

Ya  = (yi  "Syi  - y4)/di4 

Y3  ” (“Zl  + 5Zi  - Z4)/di4 

where 

dm  =>/(xi  + 6x1  - X4)2  + (yi  + 6yi  - y4)^  + (zi  + 6zi  - 24)^' 
Because  of  orthogonality, 

3iyi  3aY2  33Y3  " 
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The  location  of  point  4 can  be  written 


x^  = X2  + t(X2  - X3)  + 6X2  + t(6X2  - 6X3) 

y^  = ya  + t(y2  - ya)  + 6ya  + t(6y2  - ey^) 

Z14  = Z2  + t(Z2  - 23)  + 6Z2  + t(6Z2  - 6Z3) 

where  t is  defined  as  a proportionality  factor  along  d23-  Substitution 

into  the  orthogonality  condition  and  simplification  yields 

t = (xi  + 6x1  - X2  - 6X2KX2  -t-  6X2  - X3  - 6X3)  ^ 

da  3 

(y,  + 6yi  - yp  - iSyaKya  - ya  ~ ^Sya)  + 

<^23 

(-Zi  - 6Zi  - Z?  - 6Z^)(Z2  + 6Z2  - Z3  - 6Zn) 

<^23 

Direction  cosines  (ai,  az,  and  03)  for  the  x-axis  are  determined  from 
h = ixj  = (B2Y3  - 33Y2)I  (P3Y1  - SiY3)J  + (3iY2  ■ S2Yi)K 

Euler  angles  can  now  be  defined  to  describe  the  orientation  of  the 
moving  system  with  respect  to  the  fixed  system.  The  angles  (i|),  e,  and 
i|))  are  associated  with  the  (x,  y,  and  2)  axes  respectively: 

e = sin'M-aa) 

♦ = tan->(^) 

♦ = tan-'(f^) 

4.1.3.  Examples 

The  location  of  point  4 and  the  Euler  angles  associated  with  the 
moving  coordinate  system  have  been  computed  for  several  combinations 
of  errors  within  the  ranges  given  in  Figure  8.  The  results  are  tabulated 
in  Table  1 . 
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POTENTIAL  COORDINATE  SYSTEM  LOCATIONS 
USING  ANTHROPOMETRIC  DATA 


4.1.4.  Conclusions. 


Based  on  the  analysis  and  on  the  examples,  four  conclusions  have  been 
drawn. 

1.  The  location  of  a point  in  a coordinate  system  (e.g.,  joint 
centers  and  centers  of  gravity)  can  be  no  more  accurate  than  the 
coordinate  system  itself. 

2.  The  points  which  are  the  most  accurately  determined  should  be 
used  in  constructing  coordinate  systems  subject  to  the  fact  that  they  must 
also  be  the  farthest  apart. 

3.  Using  these  equations,  it  is  possible  to  study  the  effect  of  measure- 
ment errors  on  the  ability  to  define  anatomically-based  coordinate  systems. 

4.  Given  pelvic  data  plus  an  estimate  of  its  current  range  of 
accuracy  using  present  measurement  techniques,  we  predict  errors  could 
be  as  large  as  12°  in  angular  orientation  of  a coordinate  axis  and 

3 cm.  in  translation.  More  typically,  however,  errors  of  h cm.  and 
6°  are  to  be  expected  on  the  pelvis. 
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M.  Bender 


An  important  goal  in  the  Systems  anthropometry  program  is  accurate  and 
repeatable  quantitative  specification  of  anatomical  landmarks  in  a three- 
dimensional  coordinate  system.  The  distribution  of  these  landmarks,  or  points, 
includes  points  on  the  skin  surface  and  points  on  the  skeletal  structure  with- 
in the  body.  This  condition  suggests  use  of  radiographic  techniques  for  the 
location  of  such  points;  the  main  problem  is  establishment  of  a coordinate 
axes  system  viiich  permits  accurate  measurements  in  a convenient,  economical, 
and  straight-forverd  procedure.  After  consideration  of  several  approaches 
involving  a rigid  cartesian  framework  in  which  an  x-ray  head  and  film 
cassette  could  be  mounted  and  scaled  for  axes  measurements,  it  was  concluded 
that  the  problems  and  costs  associated  with  fabricating,  scaling,  and  per- 
fonnijT^measurements  with  such  a device  would  be  extensive.  A more  simple 
and  straight-forward  procedure  was  found  in  the  technique  of  x-ray  stereo 


photogrammetry , which  offers  the  possibility  of  accurate  location  of  points 
in  space  explicitly  from  measurements  of  corresponding  images  on  a pair  of 
x-ray  radiographs. 

There  are  basically  four  configura-tions  of  x-ray  tube  focal  spot,  object 
platform,  and  film  plane  which  can  be  used  to  produce  stereo -radiographs 
(M:Neil,  1966).  These  are  shown  in  Figure  9,  and  are:  a)  two  stationary 


tubes  with  stationary  object  and  film,  b)  translation  of  one  tube  with 
stationary  object  and  film,  c)  translation  of  object  with  one  stationary 
tube,  and  d)  rotation  of  object  and  film  with  one  stationary  tube.  In 
practical  terms,  the  first  configuration,  (a),  and  the  third,  (c),  are 
not  suitable  for  purposes  of  this  program  because  of  inavailability 


f 


stationary  Object. 


(b)  Translation  of  one  tube 
with  Stationary  object. 


(c)  Translation  of  Object  with  (d)  Rotation  of  Object  with 

one  Stationary  Tube.  one  Stationary  Tube. 

Figure  9.  Basic  Configurations  for  Producing  Stereoradiographs. 


of  two  appropriately  mounted  x-ray  tubes,  and,  in  the  latter,  accurate 
translation  of  the  object  and  film  is  not  feasible.  Configurations  (b) 
and  (d)  are  under  consideration  for  use  in  this  program,  but  (b)  is  better 
suited  for  use  with  cadavers  than  configuration  (d)  because  of  the  nec- 
essity to  avoid  any  possible  displacement  of  a surface  skin  marker  with 
respect  to  an  internally  designated  landmark,  between  exposures  in  the 
production  of  a pair  of  stereoradiographs.  The  structure  of  the  x-ray 
unit  at  HSRI  is  well-adapted  to  this  configuration  because  the  single 
tube  displacement  can  be  locked  in  each  position  vertically  and  hori- 
zontally and  displacements  can  be  conveniently  calibrated,  but  it  is 
essential  that  the  line  of  tube  displacement  be  parallel  to  the  image 


plane. 


4.2.1.  Origin  Calibration  and  Image  Distance  Calibration. 


A 14-inch  by  17-inch  x-ray  film  cassette  surface  was  provided  with 
x-ray  opaque  thin  wires  at  the  edges  of  the  cassette  frame,  at  points 
90°  from  each  other,  so  that  the  images  of  these  points  could  be  conn- 
ected on  the  developed  image  to  form  an  x-y  axis  system  in  the  image 
plane.  The  y-axis  corresponds  to  the  17-inch  dimension.  In  order  to 
establish  a reference  coordinate  system,  two  calibrations  must  be  per- 
formed. These  are  1)  an  origin  calibration  to  position  the  focal  spot 
of  the  x-ray  tube  vertically  above  the  origin  of  the  x-y  axis  system  of 
the  film,  and  z)  an  image  distance  calibration  to  determine  the  per- 
pendicular distance  from  the  focal  spot  to  the  film,  or  image  plane. 
These  steps  are  required  regardless  of  the  configuration  used  to  pro- 
duce stereo  radiographs.  These  steps  were  accomplished  by  construction 
and  use  of  a calibration  device,  shown  in  the  photograph  of  Figure  10. 
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Two  6-inch  by  6-inch  parallel  planes  of  aluminum  of  1/8-inch  thickness  are 
supported  by  eight  rigid  plexiglass  legs.  The  surfaces  of  each  plane 
contain  a symmetrical  array  of  four  x-ray  absorbing  targets  in  the  corners, 
and  one  in  the  center  of  the  plane.  Average  distances  between  targets, 
from  corner  to  corner  along  the  edges  of  the  square,  are  5.008  0.001 

inches.  The  upper  plane  targets  consist  of  0.010-inch  diameter  by  0.010- 
inch  depth  cylinders,  and  the  lower  plane  targets  consist  of  1/4-inch 
crosses,  also  of  0.010-inch  width  and  0.010-inch  depth.  Average  distances 
of  the  upper  surfaces  of  each  plane  from  a flat  granite  table  surface 
were  found  to  be  10.024  + 0.002  inches  for  the  upper  plane,  and  5.012  + 
0.001  inches  for  the  lower  plane.  The  device  can  be  dissassembled  to 
interchange  the  planes,  if  desired.  The  supporting  legs  are  place  con- 
siderably outboard  to  the  target-bearing  planes  so  that  x-ray  images 
of  the  legs  do  not  obscure  the  tiny  images  of  the  targets  on  the  film. 

An  x-ray  image  of  the  device  is  shown  in  Figure  11,  where  the  x-y  markers 
are  connected  to  form  coordinates  in  the  image  plane.  An  idea  of  the 
degree  of  orthogonality  of  the  focal  spot  and  center  targets  may  be 
obtained  by  observing  the  proximity  of  the  center  targets.  The  focal 
spot  was  45.83  inches  above  the  film  plane,  determined  by  the  calibration 
procedure  described  below. 

The  image  distance  and  origin  calibration  procedure  consists  of 
first  aligning  as  closely  as  visually  possible  the  calibration  device 
symmetrically  with  the  four  edge  markers  on  the  film  loaded  cassette  which 
represent  the  x-  and  y-axes.  The  x-ray  tube  is  adjusted  so  that  the  focal 
spot  is  approximately  vertical  over  the  origin  of  the  x-and  y-axes. 

Geometry  of  the  image  distance  calibration  set-up  is  shown  in  Figure  12. 


wrwiirmirw 


pM 

^SHSh  ' iKl 

V -^'^9 

4L.*' ' 

Distances  between  the  two  sets  of  diametrically  opposite  cross  target 
images  were  measured;  an  average  value  was  7.082  inches.  The  height 
of  the  upper  surface  of  the  lower  plane  of  the  calibration  device  from 
the  cassette  surface  was  5.012  inches.  An  additional  dimension,  the 
distance  of  the  film  from  the  cassette  surface,  must  be  added  to  the 
device  height  because  of  the  cassette  structure  which  includes  the 
phenolic  surface  thickness,  an  intensifying  screen,  and  a layer  of  felt 
An  average  of  a distribution  of  this  measurement  was  determined  to  be 
0.105  inches. 

Determination  of  the  focal  spot  to  image  plane  distance  is  ob- 
tained from: 

A + a = na/(n-N) , 

where 

A + a is  the  image  distance, 

A is  the  distance  from  the  focal  spot  to  the  plane  of  the 
cross  targets, 

a is  a measured  distance  between  the  cross  target  plane  and 
the  film  plane, 

n is  a measured  distance  between  images  of  diametrically 
opposite  cross  target  images  on  the  film,  and 

N is  a measured  distance  between  the  diametrically  opposite 
cross  targets  on  the  calibration  device. 

A value  for  N obtained  from  measurement  on  the  film  was  7.972 
inches.  From  the  above  given  data  and  their  relationship,  an  image  dis 
tance  of  45.83  inches  was  determined. 

For  the  origin  calibration,  the  x-  and  y-coordinates  of  the  image 


of  the  center  cross  target  were  measured  on  the  film.  The  x-  and  y- 
coordinates  of  the  focal  spot  from  the  vertical  line  through  the  origin 
are  given  by 

X = - X A/a, 

Y = - y A/a. 

Geometry  of  the  origin  calibration  is  shown  in  Figure  13.  Values  ob- 
tained for  X and  y from  the  film  were  0.055  inches  and  0.183  inches, 
respectively,  which  in  turn  gives,  for  X and  Y,  values  of  -0.438  inches 
and  -1.456  inches,  respectively.  In  order  to  complete  the  origin 
calibration,  it  is  required  to  translate  either  the  x-ray  tube  focal 
spot  or  the  cassette  by  the  values  for  X and  Y.  It  is  more  convenient 
to  translate  the  cassette,  and  to  do  this  with  the  order  of  accuracy 
of  three  or  four  significant  figures,  a cassette  mounted  on  a lathe 
bed  would  be  required. 


4.2.2.  Quantitative  Stereoradiography.  Use  of  stereoradiography 
for  determination  of  the  location  of  an  object  in  the  body  with  respect 
to  a reference  marker  placed  on  the  body  has  long  been  a common  clinical 
procedure.  Figure  14  shows  the  geometry  for  locating  such  points.  In 
general,  a single  tube  is  shifted  a known  distance,  B,  often  called  the 
stereo  base,  and  the  differential  parallax  is  measured.  The  elevation, 
h,  of  a point  from  a reference  object  plane  is  given  by 

h = (ap)  D/[(Bd/0)  +Apj, 

where  h is  the  elevation  of  the  point  under  consideration,  above  the  plane, 
B is  the  distance  between  focal  spots,  or  stereo  base. 
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Figure  14.  Stereoradiography  Geometry  for  Determining  Elevation  of  a 

/ 

Point  from  a Reference  Point  on  a Surface. 
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D is  the  object  distance,  or  distance  from  focal  spot  to 
reference  object  plane, 

d is  the  image  distance,  or  distance  from  focal  spot  to  image 
plane,  and 

Ap  is  the  differential  parallax  (1  + m). 

Since  D is  approximately  equal  to  d,  and  Ap  is  relatively  small 
compared  with  B,  a very  close  approximation  for  h is 

h = (ap)  D/B. 

From  this,  the  elevation  difference  is  obtained  by  the  product 
of  the  differential  parallax  and  object  distance--stereo  base  ratio. 

The  preceding  expression  can  be  shown  to  be  a very  close  approximation 
to  the  former  by  assuming  some  typical  values  and  comparing  the 
computations  for  h.  Let  B=18  inches,  D = 36  inches,  so  that  a value 
for  the  object  distance-base  ratio,  K=D/B=2,  d=36.2  inches,  and  p=0.50 
inches.  The  elevation,  h,  computed  exactly  is  0.992  inches.  The 
approximation  gives  h=1.000  inch,  an  error  of  0.008  inch  for  the 
assumed  conditions. 

The  difference  in  elevation  determination  is  only  a one-dimensional 
solution.  The  procedure  for  obtaining  three-dimensional  coordinates  of 
points  in  the  radiation  field  is  as  follows.  First,  an  image  distance 
and  origin  calibration  of  an  x-  y marked  cassette  must  be  performed. 

Assume  two  points,  A and  B,  are  to  be  located  in  three-dimensional  space. 
An  x-ray  stereopair  is  then  obtained.  Figure  15  is  a graphical  represent- 
ation of  the  resulting  stereopair  of  the  points  in  space.  The  x and  y 
axes  on  each  exposure  are  drawn  on  the  films  connecting  the  images  of 
the  wire  markers  that  are  the  X-  and  Y-axes  on  the  reference  platform. 
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or  cassette  surface.  The  x and  y coordinates  of  image  points  a and  b 
are  measured,  and  translated  relative  to'x'-  and  y'-  axes  with  origin  at 
0,  on  exposure  one  and  on  exposure  two,  according  to  the  following 
computations : 


al 


= X 


al 


* °i‘i 


al  = ^al 


= X 

= X 
X 


bl  + Ojtj  , ^ y^jj 

a2  + ’ " a2  = -^a2 

b2  + °2^2  ’ -^'b2  =^b2 


where  o,t,  = - o,t,  = d tan  6 and  0 = tan”^  (B/2)  as  shown  in  Figure  16, 
i ^ ^ d-s 

which  represents  an  equivalent  composite  of  the  stereopair.  Point  T 
is  a reference  marker  indicating  the  origin  of  the  X-,  Y-axes  of  the 
platform  plane.  Point  B is  not  shown  so  that  the  figure  does  not  become 
unduly  complex. 

Coordinates  of  points  A and  B are  then  obtained  as  follows: 


Point  A 


Pa  = "'al  - "'a2 
•<a  = «/Pa 


’^a^^'al  ^a 


'a  = y'al  ^ 


Point  B 
Pb="'bl- 

Kb  = B/P(^ 

'b  = "’bl^ 
^b  = y'bl  ^ 
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4.2.3.  Sources  of  Error.  For  purposes  of  the  systems  anthro- 


pometry measurements  an  ideal  x-ray  stereoradiographic  system  would  consist 
of  perfect  parallelism  between  the  reference  plane  of  object  and  the  film 
plane,  and  constant  object  distance  or  image  distance  between  exposures. 
X-ray  tube  shift,  or  the  stereo  base  dimension,  can  be  measured  quite 
accurately  to  orders  of  0.5%,  but  if  this  displacement  is  on  a slight 
incline,  error  in  the  anthropometry  can  occur.  The  calibration  device 
described  above  will  be  used  to  determine  the  degree  of  parallelism  to  be 
taken  into  account.  The  structure  of  the  cassette  determines  the  degree 
of  parallelism  between  the  object  reference  plane  and  the  image  plane. 

The  image  plane  is  separated  from  the  reference  plane  of  the  object  by 
0.105  0.001  inch,  due  to  thicknesses  of  various  components  of  the 

cassette,  which  is  an  acceptable  degree  of  parallelism,  and  over  small 
regions  of  the  cassette,  several  inches,  the  deviation  is  less. 

Another  possible  source  of  error  was  thought  to  occur  in  changes  of 
x-ray  film  dimensions  as  a result  of  the  developing  and  drying  process. 

This  was  investigated  by  placing  on  a substrate  an  array  of  0.002  inch 
tungsten  filament  segments  of  lengths  ranging  from  3/8  inch  dowri  to  1/32 
inch  in  a random  manner.  Distances  between  selected  segments  and  seg- 
ment lengths  were  measured  repeatedly  by  seven  observers,  using  a British 
Indicators,  Ltd.,  metric  caliper,  which  can  read  to  j^0.05  millimeter. 

The  array  of  filaments  was  then  radiographed  in  contact  with  film  on 
two  samples  of  10  by  12  inches  and  14  by  17  inches  Eastman  RP/L-14 
x-ray  films.  . The  four  film  samples  were  subjected  to  two  different 
developing  temperatures,  16°  C and  22°C,  in  pairs,  to  observe  possible 
effects  of  change  in  film  size  and  change  in  developing  temperature. 
Comparison  of  measurements  of  the  actual  filaments  with  x-ray  images 
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of  the  filaments  was  made.  Overall  deviation  in  the  sets  of  measurements 
was  found  to  be  0.003%,  resulting  in  the  conclusion  that  film  dimension 
changes  are  insignificant. 

Another  type  of  error  in  the  classification  of  errors  is  blunder, 
which  is  certainly  to  be  avoided  in  the  handling  of  data.  It  was  thought 
that  stereo  pairs  could  be  produced  on  single  sheets  of  film  in  the 
interests  of  economy.  A stereopair  of  the  calibration  device  was  taken 
on  a single  film,  as  shown  in  Figure  17.  It  is  to  be  noted  that  the 
calibration  device  is  a symetric,  well-designated  structure,  with 
ideally  divergent  x-ray  absorbing  material  properties;  the  process  of 
selecting  appropriate  points  for  corresponding  exposures  can  give  rise 
to  confusion  amongst  various  observers,  so  to  reduce  the  probability  of 
occurrence  of  blunder,  separate  films  for  exposures  will  be  used. 

A final  consideration  is  the  critical  problem  in  the  film  measurement 
process:  the  identification  of  a point  in  the  x-ray  image.  Very  small 

spheres  of  0.080  inch  diameter  were  found  to  be  projected  as  very  small 
ellipses,  and  in  addition,  even  if  the  center  could  be  identified,  that 
point  would  be  in  error  with  respect  to  the  anatomical  landmark  it 
purports  to  designate.  A more  promising  approach  appears  through  use 
of  fine  tungsten  metallic  mesh  cut  in  a square  of  1/8  inch,  placed  in 
contact  with  an  anatomical  landmark  so  that  the  center  of  the  square 
is  in  close  contact  with  the  landmark  point.  X-ray  projections  of 
these  square  meshes  offer  a better  prospect  of  more  accurate  location, 
except  in  the  case  where  the  square  is  projected  as  a line.  This  point 
identification  problem  is  under  investigation. 
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Figure  17 

Stereopair  of  Calibration  Device  on  a Single  Film 


. Body  Sizing  Schemes  for  Systems  Anthropometr 


H.  M.  Reynolds  and  D.  H.  Golomb 


Defining  body  size  categories  is  an  important  procedure  in  the 
construction  of  an  experimental  design  and  in  the  analysis  of  data. 
Specifically,  in  constructing  an  experimental  design,  body  sizing 
schemes  may  be  used  to  stratify  a population  so  that  representative 
samples  can  be  selected,  and,  in  analyzing  data,  body  sizing  schemes 
provide  a way  of  distinguishing  between  "large"  and  "small"  individuals. 
This  procedure  has  been  applied  in  selecting  pelves  from  the  Hamann- 
Todd  collection  at  the  Cleveland  Museum  of  Natural  History  (see  Section 
4.4). 

Our  work,  thus  far,  in  defining  body  size  categories  has  not  been 
conclusive.  Our  attempt  has  been  to  make  these  definitions  based  on  a bi- 
variate distribution  of  two  standard  anthropometric  measurements.  A 
fairly  complicated  procedure  was  devised  as  follows:  a line  is  generated 
by  least  squares  fitting  of  one  variable  versus  the  other.  This  line 
roughly  divides  the  data  into  two  equal  segments.  Orthogonal  lines  then 
may  be  drawn  so  that  roughly  x%  of  the  data  is  to  the  left  of  the  first, 
y%  to  the  left  of  the  second,  etc.  The  least  squares  fit  and  the  ortho- 
gonal lines  define  the  boundaries  of  the  sizing  categories  (See  Figure  18). 

This  procedure  is  appealing  because  it  defines  the  categories 
based  on  two  variables  with  an  adjustment  for  the  linear  relationships 
between  the  variables.  If  the  two  variables  are  correlated  at  a level 
very  close  to  zero,  the  above  procedure  is  equivalent  to  defining  a 
standard  rectangular  grid--that  is,  each  category  is  defined  by  one 
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variable  being  less  than  or  greater  than  a fixed  value,  and  by  the 
other  variable  being  between  two  fixed  values,  or  greater  than  or  less 
than  a fixed  value. 


To  illustrate  how  the  adjustment  works,  the  height  and  weight  of 
males  measured  in  the  1964  HES  study,  were  used  to  define  10  sizing 
categories  with  our  procedure  and  with  the  standard  rectangular  pro- 
I cedure.  For  this  population,  height  and  weight  are  significantly 

I 

correlated  at  about  .4.  In  the  standard  procedure,  the  sizing  cell 
1 defined  by  data  above  the  95th  percentile  height  and  above  the  mean 

weight,  contains  5%  of  the  data.  In  the  procedure  with  the  adjustment, 

] 

* the  corresponding  cell  contains  2.4%  of  the  data.  Likewise,  the  sizing 

cell  defined  by  data  above  the  95th  percentile  height  and  below  the 
50th  percentile  weight,  contains  0%  of  the  data.  Using  our  procedure, 

ri 

the  corresponding  cell  contains  2.6%  of  the  data. 

The  above  example  demonstrates  how  our  body  sizing  schemes  can 
I distinguish  between  "heavy/tall"  and  "light/tall"  individuals. 

i 

■■  However,  the  procedure  is  somewhat  arbitrary.  The  least  squares  fit 

could  be  reversed,  producing  different  size  cell  definitions.  This 

If 

' was  done  and  the  newly  defined  adjustment  worked  equally  well  as  in 

I the  above  example. 

’ We  also  experimented  with  using  different  pairs  of  variables. 

I Weight  is  a skewed  variable  and  is,  thus,  difficult  to  deal  with 

statistically.  Waist  circumference,  which  is  nearly  normally  distributed 
and  highly  correlated  with  weight,  was  used  as  a substitute.  Pairing 
waist  circumference  with  height,  sizing  cells  were  defined  again  from 
the  1964  HES  male  data.  The  average  height  in  each  cell  was  statistically 
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equal  to  the  average  height  in  the  corresponding  cells  defined  by 
pairing  weight  with  height.  Therefore,  it  appears  that  the  skewness  of 
weight  does  not  effect  the  sizing  procedure. 

Preliminary  work  has  indicated  a degree  of  independence  between 
mass  distribution,  as  represented  by  body  weight  and  circumferences,  and 
linkage,  as  represented  by  stature,  heights  and  bone  lengths.  Therefore, 
in  selecting  cadavers  for  our  linkage  study,  a skeletal  dimension/height 
I bivariate  should  be  used  in  determining  the  body  size  categories.  Two 

I . measurements  with  low  correlation  should  be  chosen  so  that  each  measure- 

I 

’ ment  can  represent  orthogonal  dimensions  in  the  geometry  of  the  body, 

j These  two  measurements  have  not  been  chosen  at  this  time. 

1 


4.4.  Three-Dimensional  Geometry  of  the  Adult  Pelvis 


H.  M.  Reynolds 

The  Hamann-Todd  skeletal  collection  at  the  Cleveland  Museum  of 
Natural  History  has  been  sampled  according  to  a stratification  designed 
to  match  the  L).  S.  general  population  as  closely  as  possible.  The 
sample  contains  144  females  and  141  males  divided  into  six  sizing 
cells  (Figure  18). 

The  sizing  cells  are  defined  by  the  relationship  between  height 
and  weight  in  the  1960-62  Health  Examination  Survey  data  reported  by 
Stoudt,  Damon,  McFarland,  and  Roberts  (1965).  We  have  the  original 
data  in  the  computer  from  which  we  constructed  the  sampling  cells. 

In  order  to  make  the  Hamann-Todd  cadaver/skeleton  collection  comparable 
with  the  HES  sample,  46.61  lbs.  and  31.52  lbs.  v/ere  added  to  the  H-T 
male  and  female  weights  respectively.  These  constants  are  the  differ- 
ence between  the  average  weights  in  the  two  samples.  The  results 
are  compared  in  Table  2 where  it  can  be  observed  by  the  percentage 
difference  (A%)  that  the  match  is  reasonable. 

The  first  shipment  of  30  male  and  30  female  pelves  has  been 
delayed  until  the  week  of  1 February  1977.  This  delay  will  not  affect 
our  progress  in  studying  joint  kinematics  but  could  delay  anticipated 
results  on  landmark  definitions  and  identification  of  "stable"  skeletal 
landmarks  relative  to  population  differences. 

The  three-dimensional  measurements  will  be  made  at  the  Civil 
Aeromedical  Institute  in  Oklahoma  City  under  the  direction  of  Dr.  Clyde 
C.  Snow.  The  techniques  were  developed  at  CAMI  and  the  landmarks  were 


Average  HE  1 GUT  (cm) 


MALE 

FEMALE 

Sample  Cell 

Number 

HES 

H-T  * 

HES 

H T X 

1 

X 

165.fi 

165.1  +0.4 

153.4 

153.8  -0.3 

so 

36.45 

35.80 

31.99 

26.38 

2 

X 

165.3 

163.8  +0.9 

152.9 

152.3  +0.4 

SO 

31.35 

48.41 

28.93 

37.14 

3 

X 

174.2 

174.6  -0.2 

161.3 

161.3  0.0 

SO 

23.28 

25.05 

22.86 

24.83 

4 

X 

173.9 

173.3  +0.3 

160.6 

160.7  -0.1 

SO 

24.28 

24.41 

22.47 

23.23 

5 

X 

182.7 

182.7  0.0 

169.0 

170.0  -0.6 

SO 

33.86 

37.50 

29.44 

38.13 

6 

X 

182.2 

181.9  +0.2 

'■  169.0 

168.4  +0.4 

SO 

36.17 

30.87 

39.17 

31.09 

X X 

0.33% 

0.3? 

Average  WEIGHT  (lb.) 

MALE 

FEMALE 

Sample  Cell 

Number 

HES 

H-T 

% 

HES 

H-T 

% 

1 

X 

137.5 

139.3 

-1.3 

114.4 

107.5 

+6.0 

SD 

12.72 

12.25 

10.93 

15.35 

2 

X 

175.1 

172.4 

+1.5 

156.9 

157.1 

-0.1 

SD 

18.97 

15.06 

23.24 

22.91 

3 

X 

149.6 

149.9 

-0.2 

122.2 

118.3 

+3.2 

SO 

12.53 

13.98 

11.43 

14.16 

4 

X 

189.2 

183.6 

+3.0 

166.9 

160.7 

+3.7 

so 

18.59 

16.56 

26.54 

13.84 

5 

X 

164.6 

164.2 

+0.2 

130.3 

129.2 

+0.8 

SO 

12.48 

16.49 

11.75 

19.27 

6 

X 

204.7 

204.1 

+0.3 

181.8 

171.5 

+5.7 

SO 

19.66 

18.94 

1.08* 

31.70 

25.08 

3.2S; 

Table  2.  Comparison  by, Sampling  Cells  between  Health  Examination 
Survey  and  Hamann-Todd  collection  for  males  and  females. 
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established  through  discussions  between  Dr.  Snow  and  myself.  In 
general,  there  will  be  120  points  measured  on  the  pelvis  which  will 
define  the  shape  of  various  parts  of  the  pelvis  as  well  as  anatomical 
landmark  locations.  Detailed  descriptions  of  all  landmarks  will  be 
included  in  the  final  report  for  Phase  II,  but  the  following  twelve 
landmarks  will  be  located  on  the  complete  articulated  pelvis. 

1)  Right  Anterior  Superior  Iliac  Spine 

2)  Left  Anterior  Superior  Iliac  Spine 

3)  Right  Iliocristale 

4)  Left  Iliocristale 

5)  Right  Posterior  Superior  Iliac  Spine 

6)  Left  Posterior  Superior  Iliac  Spine 

7)  Right  Hip  Point  (Acetabular  Centroid) 

8)  Left  Hip  Point  (Acetabular  Centroid) 

9)  Right  Ischial  Tuberosity 

10)  Left  Ischial  Tuberosity 

0 

11)  Symphysion 

12)  Promontory  of  Sacrum 

Thus,  the  basic  geometry  of  the  pelvis  can  be  described.  The 
additional  landmarks  will  only  be  measured  on  the  articulated  left 
innominate  and  sacrum.  The  total  collection  of  data  should  provide 
the  three-dimensional  shape  geometry  relative  to  an  anatomical  axis 
system  defined  by  landmarks  on  the  totally  articulated  pelvis. 

The  analysis  of  these  data  will  utilize  many  of  the  techniques 
described  in  Subsection  4.1  and  4.5.  For  example,  these  data  will 
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provide  base  line  information  on  the  accuracy  with  which  anatomical 
axes  systems  can  be  defined.  All  succeeding  work  on  cadaveric  and  livi 
subjects  should  be  less  accurate  since  the  landmarks  are  obscured  by 
tissue.  In  addition,  variation  in  the  location  of  principal  landmarks 
will  be  summarized  and  described  by  the  use  of  principal  components 
analysis  (See  Subsection  4.5).  Additional  analytical  techniques  will 
be  used,  but  these  represent  a cross-section  of  the  application  of  our 
present  efforts  to  future  data  collection  and  analysis  in  systems 
anth ropomet ry. 

The  Hamann-Todd  collection  is  unique  in  one  major  aspect  of 
importance  to  the  present  investigation.  Prior  to  the  skeletal ization 
of  each  cadaver,  Or.  Todd  and  his  associates  took  a series  of  anthro- 
pometric dimensions  according  to  Martin  (1928).  A copy  of  the  original 
data  collection  sheet  with  translation  is  presented  in  Figure  19. 

These  data  on  each  specimen  in  our  sample  have  now  been  entered  into 
the  computer  and  the  editing 'process  has  begun.  These  data  for  our 
sample  will  permit  the  examination  of  anthropometric  data  relative 
to  skeletal  geometry  for  the  first  time.  Todd  and  his  associates 
published  a series  of  papers  between  1923  and  1928  discussing  the 
changes  that  occur  in  cadavers  relative  to  anthropometric  dimensions. 
These  papers  will  need  to  be  reviewed  carefully  in  order  to  use  these 
data.  Correlations  between  skeletal  geometry  and  anthropometry  as 
well  as  a closer  examination  of  the  anthropometric  characteristics 
of  the  individuals  in  our  sample  will  result. 
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Figure  19.  Sample  Hamann-Todd  Data  Collection  Sheet  and  Translation 
from  the  German. 
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Figure  19  (cent.) 
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Figure  19  (cont.) 


Photo  No. 

< 4 

place  of  rcr.Honco 


plieo  nnd  date 
of  aecrnt^nco 


‘olvon 
Surnar.e 
Sox 

A^o  Place  of  birth 

Social  class 


Observer 

Patorral  mro.nta*;© 
Katornal  narontare 


rellslon 


Condition  of  noiirlsh.’.cnt:  very  thin,  thin,  average,  . oteso,  very  oboso 

SkxiU; 

forohoad:  low,  high;  narrow,  broad;  -oderatoly,  stror.gl. 

retroatlnc;  flat,  do.-.ed;  full,  keol-sbaped 


Condition  of  health: 
$lc)jnosses  (hereditary 7) 
defects  i 

skincoicri^  sklncolor 
'forehead 
cheeks 

. sternal 

sbdoT.en 
scapular 
Upper  a ra  >pr  ox . 

(dlst. 
paljs 

mucosal  .^upporllp 
^ ‘lower  lip 
^.ed.  prox. 
thigh 


tablo^  or : 
a gray-black 
b black-brown 
c paire  dk,  brn 
d reddish  dk,  bn. 
. reddish  bn. 

. pure  bn, 
lito  brnlsh 
olive  yellow 
yellowish 
yellowlsh-wh 
reddlsh-uh 
pale  white 


top  of  skull; 
back  of  skull: 

entire  face; 


Body  hatrj 


L 


quite  flat;  lightly-,  rodoratetely,- 
strongly  derred. 

inclined,  straight,  dor.ed,  strongly 
projecting 

Face: 

high,  moderately  high,  low;  elllotical; 

(w/  fore-  ovoid,  round,  angular;  narrow,  r.od-ratelv  broad, 
head)  broad,  very  broad;  tapered  toward  bottom,  -toe; 
completely  straight,  moderately  straight;  for- 
ward-domed; jutting  out,  shaped  like  a bird, 
cheek  area;  strongly-,  moderately  protruding,  str,—',^i 
mod-  regressed. 

orbits:  straight,  Planted;  narrow,  moderate,  wide; 

splndleshapod;  inner-,  outer-epicanthle  fold. 
Nose:  root;  narrow,  avaaMV'e",  broad;  very  flat,  flat, 
mod.  ,hlgh,  high,  very  high 

back;  narrow,  red.,  broad;  markedly-,  ilightly 
concave,  straight;  markedly-,  lightly  convex, 
undulating,  bent 

rip;  upwar;),  forward,  Hownward  bent. 

Alaa ; thick,  thin;  high,  low;  close,  r.od.  swell 
inflated;  perforated  how  many  timos?  R L 
Septum;  long,  short;  narrow,  broad;  constricted 
forward  in  keel  shape;  hour-glass  shaped;  rrojes 
Ing  beneath; 

foramina ; very  narrow;  narrow,  long-oval,  Iran 
f halrcolor  a pure  black  f dk  bind  oval,  round,  long  oval,  broad,  bery  broad,  smal 
table  or:  b brown-black.,bite  bind  large. 

bead  hair  c dark  bm  /ahh  bind  foraminal  position;  horizontal,  sloped  forward, 
facial  hair  lireddish  br  - red  'sloped  backward. 

body  hair  illte  br  /talbinotlc  Integum.ontal  lip:  protruded(  7) : very  m.arked, 

pubid  hair  inarkod,  medium,  slight;  straight;  ln-turned(7) 

a very  straight  g.  crinkly\liuscosal  lip:  thin,  med.,  thick,  swollen; 

b,  straight  V?  lightly  curled  I odgod(  7);  upper  border:  sim.plo,  bowed 

c.  flat-wavy  . thickly  curled  together, 

d#  wavy-broad  j(wiry  (?)  'Mouth:  small,  medium,  large. 

«.  narrow  waves  /spiralled  Teeth;  straight,  sloping;  very  big,  big, 
f,  curly  I mod.,  small,  very  snail. 

heavy,  m4dium,  light,  very  light,  absent  R;  m n n etc... 

ra  m ra  * 

(Note  diastema  and  trenata;  cross  out^ lacrmiTV 
teeth;  circle  purposely  removed  tooth;  check 
diseased  t,  bracket  purposely  m.utilatod  t. ) 
Typo  of  r.utllatlon: 

orthodontia,  prodontia;  medium,  strong 
lAbiodontia,  psalldontla,  Stegodontla, 
Oplsthodontla,  Hlatodontla. 

Color:  bluish,  white,  yellowish.  Coloring 

K^torlal(T) 


skin 

appearance:  velvety,  sm.ooth,  rough; 

moist,  dry,  greasy 

Iris  color:  # of  eyecolory  table  or: 

black-brovr.?  darkb.-own,  brn,  light  brn, 
greenish,  dark-gray,  light-gray,  dark  blu, 
blue,  liteblu,  albLnotic 

Sclera:  white,  bluish,  yellowish 
Conjunctiva:  colorless,  mottled,  colored 

In  the  area  df  the  eyolidi’) 


Halrcolor: 


Ears:  close-lying,  standing-out,  jug-shaped 

Helix  border:  above,  below,  absent 

Darwin’s  point:  right  No  1...6 

left  No  J...6 

I Earlobes:  big,  small,  unattached,  attached, 

absent 

> Perforation  in  oarlobos:  r,  1;  In  edge 

ear:  r,  1. 


Figure  19  (cont.) 

page  c , 

1>ils  is  a translation  of  tho  Instructions  apnoarlnp  at  tho  top  long  odpo  of  para  2: 

The  most  Important  •an.asjrnnonts  aro  un.lrrl  In'-d : tho  root  Innortnnt  calculated  dl~''n'.lons 
are  Indloalod  by  a broi;on  lino,  t'umbors  rofr.r  to  tho  ro-atoloclcal  lcchnlq.:es  In  I'artlt.'s 
lohrbuch  dnr  Anthropolorto.  An  'X'  moans  dorlvo  by  calculation.  Ml  numbers  aro  In  mm. 
and  aro  to  bo  placouln  tho  opon  spaces  on  tho  chart. 


Somatoloplcal  observation  form  according  to  R.  Martin,  191-3  edition. 

Koy  to  Instruments  to  bo  used:  A = anthropomotor,  C = sbreadtng  callcers;  St  = sliding 
ealipors;  T - calipers  (refers  to  a sm.all  sliding  calipers);  B = ‘-ape;  0 = oar-hclght 
measuring  Instrument  (wo  would  uso  a sliding  calipers);  W = scales 
Koasurom.onts  In  bpper  2 columns  of  page  2: 

I.  Ibtal  body  height 

4.  upper  sternal  ht.  fren  floor 
5»  nav.<*la  ht.  above  floor 

6.  upper  public  sinphosls  edge  from  floor 

7.  St,  nipple  ht.  above  floor 

8.  Rt.  acromion  ht  above  floor 
9«  Ri.  elbow  joint  abovo  floor 

10,  Rt,  distal  radius  end  abovo  floor 

II.  Rt.  middle  fingertip  abovo  floor 
13*  Rt.  Iliac  crest  above  floor 

48.  length  of  right  lower  arm 

49.  length  right  bnad 
52.  breadth  of  right  hand 
53*  total  rt.  leg  length 

54.  rt.  leg  length  minus  foot 
55«  rt,  thigh  (upper  leg)  length 
56,  rt,  lower  leg  length 

58.  fct,  foot  length  _ J 

59.  rt,  foot  breadth 

60.  chest  circum,,  relajced  (i.e.,  not  while  taking  a breath) 


Keasurements  in  ?wer  2 columns  of  p.  2. 

I.  head  length 

3.  head  breadth 

4.  min,  forehead  breadth 
6.  bizygomatic  diam. 

8.  max.  imandibular  breadth 
9«  Kin.  intororbital  breadth 

II.  orbit  (or  eyelid)  breadth 

12.  Interpuplllary  distance 

13.  nasal  breadth 

14.  mouth  breadth 
>5.  cephalic  circum, 

48.  sagittal  arc 

X cephalic  Index 

X cephalic  length-ht  index  («.  ' -*  ■ am 

X breadth-height  index  " " 

X transvorsa  frontoparietal  index 

X physiognomic  facial  Index  ( i- ■yr'» ' »iu  1 ia«j ' uni  n 1 ■» iC  **~|  ■iitei.  >1 
X morphological  facial  index  ai.  . 

X upper  face  index  “ 1 «19«'  i’»i» 


art) 


^ (these  aro 

aa» — I facial  ht.  indie 


n 


Figure  19  (cent.) 


p*e»  3 


Uppor  2 colunns* 


•1 

1 


14. 

15. 

16. 
17. 
23. 
27. 
35. 
38. 

40. 

41. 

45. 

46. 

47. 

6la. 

6n> 

65. 
65(1) 

66. 
67 
68. 

69. 

70. 

71. 

XJ. 


Ht.  rl.  groator  trochanlor( ? ) from  floor 
Ht.  right  knoo  Joint  from  floor 

Ht.  rt,  modlal  malleolus  point  (anklo)  from  floor 
arm  span 
sitting  ht. 

Length  of  forward  side  of  trunk  (7) 
bl-acromial  breadth 

breadth  between  nipples  ^ 

bl-iliae  crest  breadth  ^ .-i' . 

breadth  between  superior  lower  Iliad  points  (standard  neasurement/-!  forgot  the  ter 

nlnology  of  the  11  lex) 

Tbtal  rt.  arm  length 
rt.  arm  length  minus  hand 
rt  upper  arm  length 

chest  circamference,  expanded  (inhaling) 
chest  dream,  breath  exdred  (exhaling) 
largest  circa?  right  upper  arm,  extended 

“ MUM  contracted 


lolfar  " 


smallest  m m m m 

greatest  " " upper  leg 

S'  ?'.'o  " " lower  " 

smallest  m m « ■ 

body  weight 
Index  of  body  fullness 


Lower  2 colunns: 


15.  ht,  of  head  to  ear 
16a  total  head  height 

17.  physiogncnic  facial  ht. 

18,  morphological  facial  ht. 

19.  physiognomic  upper  face  ht. 

20,  morphological  upper  face  ht. 

21.  nasal  ht.  y 

22,  nasals  length  (l.e.,  of  floor  of  Interior', nose) 
25.  ht.  of  mucosal  lip 

29.  physiognomic  ear  length 

30.  " " breadth 

31 . morphological  " length 

32.  " " breadth 

X nasal  index 

X breadth-depth  Idex  of  nose 

X physiognomic  ear  index 

X morphological  ear  index 


(apparently  a standard  measurement  desipte  apparent  vagueness) 
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Figure  19  (cont.) 


pago  U 


vlsu.ll  .iculty  color  sonso 

Pressing  strongth;  r,  1.  otc. 


r 1 

hearing 


respiration 


Koans 

(Instrument) 


Body  observations; 

Female  breast:  infantile  form;  hor.isphorical  corona;  primary,  secondary  mmmao; 

breastdevolopmont  t'o.; 

bo«l-sbapod,  her.isuheric.al,  conical,  77;  very  full,  full,  medium,  small; 
standing  up,  s ibk'isig*,'  hir.r^sg 

C<;ro'nasr  transverse  diameter;  vertical  diameter;  _Color  No.  border:  sharp, 

/ indistinct,  K-ipiHao;  large,  medium,  small, 

Genitalia: 

circamcision  and  other  deformations 

C,,ry.'i€»  frfvir 

Hands:  ■ 


Fingers:  thick,  thin,  long,  short,  tapered;  hiTJorextended. 

Kails:  big,  small,  long,  short;  narrow,  broad;  domed,  flat;  sagittally  bent; 

oval,  round,  fan-shhpad 

Calfs:  thick,  thin,  long,  short;  tense,  flabby. 

Feet:  big,  small;  long,  short,  narrow,  broad;  arch:  high,  medium,  low,  flat  feet 

Longest  toe;  r 1,  2;  lt:l,  2,  Great  toe  separate,  close-lying,  bowed. 


Special  Observations:  (tatoolng,  ornamental  ocars;  epidermal  scars;  mental 

abilities,  etc.) 


~ . ~r..  /U  f 


Statistical  and  Probablistic  Properties  of  Three-Dimensional  Anthro- 


pometric Data. 


D.  H.  Goloiit) 


In  this  section,  a discussion  is  presented  of  the  general 
population-related  causes  of  variation  of  3-dimensional  coordinates  of 
landmarks  on  the  human  body.  These  variations  are  due  to  the  size  and 
shape  of  individuals,  but  they  are  also  related  to  the  position  and 
posture  of  the  individual.  The  variations  in  posture  are  perhaps  the 
most  difficult  to  model  because  two  individuals  of  the  same  size  and 
shape  could  have  significantly  different  locations  of  many  landmarks  on 
the  body  measured  in  3-dimensional  space. 


4.5.1.  Discussion  of  a Linkage  Model. 


An  investigation  into  the  three-dimensional  location  of  skeletal 
landmarks  on  the  torso  was  conducted  at  the  University  of  Michigan  (Snyder, 
et  al.,  1972).  Two  models--sitting  and  standing  posi tions--were  con- 
structed to  predict  the  spatial  relationship  between  the  landmarks. 

Each  model  is  fairly  general  in  scope,  in  that  landmarks  may  be  predicted 
for  a wide  range  of  seated  and  standing  positions.  Positions,  in  the 
model,  are  defined  by  the  three-dimensional  coordinates  of  the  right 
elbow  with  the  spine  of  L5,  as  the  origin.  In  addition  to  the  elbow 
coordinates,  the  other  independent  variables  are  the  following  standard 
anthropometric  measurements:  stature,  sitting  height,  weight,  chest 

circumference,  biacromial  breadth  and  humeral  length. 

An  unexpected  trend  has  been  observed  in  the  sitting  position  model 
of  surface  landmarks.  It  would  be  expected  that  the  equations  predicting 
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x-coordinates  (values  along  the  anterior/posterior  axis)  have  high 
loadings  from  chest  circumference  or  weight;  likewise,  the  equations 
predicting  y-coordinates  (values  along  the  lateral  axis)  have  high 
loadings  from  biacromial  breadth,  and  humeral  length;  and,  the 
equations  predicting  z-coordinates  (values  along  the  vertical  axis) 
have  high  loadings  from  stature  and  sitting  height.  These  hypothesized 
relationships  do  hold  for  all  the  equations  predicting  z-coordinates 
and  for  the  x and  z coordinates  in  the  lower  back.  In  the  equations 
along  the  upper  spine  and  for  acromion  and  suprasternal e , the  elbow 
coordinates  play  a dominate  role.  Specifically,  the  x-coordinate  of 
the  elbow  has  the  highest  loading  for  x predictions;  the  y-coordinate 
for  y predictions;  and,  the  z-coordinate  for  z predictions. 

Further  analysis  is  necessary  to  understand  the  significance  of 
this  trend.  First,  the  equations  predicting  x,  y,  and  z of  the  upper 

regions  do  not  imply  that  standard  anthropometry  is  unrelated  to  the 
location  of  these  points  since  the  elbow  coordinates  are  a function  of 
standard  anthropometry.  The  implication  is  that  a simple  polynomial 
relationship  (in  this  model,  cubic  regressions  were  derived)  may  not 
be  sufficient  to  explain  the  locations  of  points  on  the  upper  torso. 

In  fact,  the  weakness  of  this  relationship  is  further  emphasized  when 
it  is  noted  that  the  elbow,  whose  position  can  be  relatively  independent 
of  torso  configuration,  is  the  sole  predictor  of  these  points. 

The  above  discussion  raises  several  questions.  First,  what  is 
the  relationship  between  standard  anthropometry  and  landmarks  on  the 
body  in  three-dimensional  space?  Second,  are  the  positions  of  landmarks 
along  the  ?9hie  axis  highly  correlated?  Thus,  even  though  there  is  sub- 
stantial variation  in  the  posture  of  individuals  for  a given  position 
(e.g.,  seated  with  arms  at  the  side),  can  three-dimensional  locations 
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of  the  body  be  statistically  predicted  with  reasonable  accuracy? 
Furthermore,  can  the  paths  of  landmark  positions  be  predicted  on  a 
moving  body? 

4.5.2.  Analysis  of  Stewardess  Data. 

In  order  to  investigate  the  relationships  observed  in  the 
Snyder,  et  al.  investigation,  three-dimensional  positions  of  13  land- 
marks collected  on  280  airline  stewardess  trainees  were  examined. 

These  data  were  collected  by  Herbert  Reynolds  as  part  of  an  anthro- 
pometric project  for  the  Federal  Aviation  Administration  but  they  have 
not  been  previously  published.  All  the  three-dimensional  data  were 
taken  for  one  position  - namely,  a normal  seated  position  with  the 
subject's  hands  at  her  sides  (see  Figure  20).  The  analysis  below  is, 
thus,  limited  to  describing  variation  in  one  particular,  fixed 
position.  It  should  also  be  mentioned  that  these  data  represent 
a highly  selected  sample  of  the  general  female  population.  The  sub- 
jects were  hired  by  the  airline  only  if  they  met  a stringent  height- 
v/eight  table.  Thus,  in  general,  the  sample  does  not  contain  over- 
weight and/or  excessively  short  or  tall  individuals. 

The  first  step  in  the  analysis  identified  the  standard  measure- 
ments that  have  a linear  relationship  with  three-dimensional  coordinate 
data  (Tables  3-5  ).  As  in  the  Synder  et  al . (1972)  link  study  model, 
stature  and  sitting  height  are  highly  correlated  with  z-coordinate 
data,  especially  those  landmarks  on  the  upper  part  of  the  body--vertex, 
right  and  left  acromions,  etc.  Likewise,  almost  none  of  the  standard 
measurements  correlate  well  with  the  upper  body  landmarks  in  the  x-  and 
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Figure  20 

ff 

Photograph  of  Measurement  Device  used  in  3-D  Stewardess  Study 


Table  4.  (Cont.) 

CORRELATION  HATRIX  CASES  R£AO»  26fl 


MEAD  breadth 


CO»»tl.*TtON  HiTHI*  e»S£8  Rt»B»  ?«(i 


Table  5.  Correlations  of  Y-Coordinate  of  Landmarks  with  Standard  Anthropometry. 


Table  5.  (Cent.) 

CORRELATION  MATRIX  CASES  RCAO*  ESfl 


y-axes.  For  vertex,  this  is  not  unreasonable  for  this  seated  position. 
For  example,  the  correlation  of  stature  with  vertex  x is  .13  and  stature 
with  vertex  y is  -.11.  For  the  lateral  dimension  of  sitting  eye  (ecto- 
canthus),  some  correlation  with  head  breadth  was  expected  but  is  non- 
existent. The  value  calculated  is  .05,  which  is  not  significantly 
different  from  zero.  The  x-coordinate  of  suprasternale  has  a correlation 
with  weight  at  .22  and  chest  depth  at  ,33,  which  are  also  weaker  than 
expected.  Even  the  y-coordinates  of  the  right  and  left  acromions  are 
correlated  at  a surpirisingly  low  level  with  weight  and  biacromial 
breadth.  The  correlations  of  the  right  and  left  acromions  with  weight 
are  -.29  and  .16,  respectively,  and  with  biacromial  breadth  are  -.53 
and  .48.  We  explain  this  by  the  seemingly  extensive  variations  in 
posture  among  individual  which  appears  to  v;eaken  the  relationship  of 
standard  anthropometric  data  to  coordinate  data.  In  addition,  the 
relationships  may  not  be  linear  and,  thus,  may  have  to  be  described 
by  more  complex,  multivariate  statistics. 

The  coordinate  data  describing  landmarks  on  the  pelvis  should  be 
independent  of  the  subject's  posture.  However,  none  of  the  coordinate 
points  measured  have  a strong  simple,  linear  relationship  with  standard 
anthropometry.  It  is  possible  that  pelvic  dimensions  are  poorly  re- 
lated to  body  size,  but  further  investigation  of  this  will  be  delayed 
until  the  Hamann-Todd  collection  pelvic  measurements  have  been 
completed. 

Correlations  between  the  coordinate  points  show  similar  relation- 
ships to  those  found  in  the  Snyder  model  (See  correlations  - Table  6 
and  Figure  21  ).  The  z-coordinates  are  highly  related  with  each  other 
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as  are  the  x-  and  y-coordi nates.  The  correlations  of  the  landmark 
coordinates  on  or  near  the  pelvis  are  similarly,  but  much  less  strongly 
correlated.  (See  Figure  22)* 

However,  this  analysis  indicates  nothing  of  the  pattern  of  the 
variation  - for  example,  in  what  axis  is  the  most  variation?  To  study 
this  problem,  a probability  distribution  needs  to  be  fitted  to  the 
coordinate  data  for  each  landmark.  The  logical  choice  is  a trinormal 
distribution  whose  three  dimensions  correspond  to  the  x,  y,  and  z 
coordinates;  Scatter  plots  of  the  coordinate  data  visually  justify 
the  use  of  this  distribution. 

Variation  is  easily  studied  in  the  trinormal  distribution  by 
examining  the  covariance  matrix  and  the  axes  of  the  smallest  volume, 
confidence  ellipsoids  of  the  distribution.  The  covariance  matrices 
show  that  the  greatest  variation  is  in  the  z axis  for  points  measured 
in  the  upper  torso,  and  in  the  x axis  for  points  measured  on  the  head 
and  lower  portions  of  the  body.  (See  Table  7).  least  variance  is 
in  the  y axis  (with  the  exceotion  of  the  anterior  superior  iliac  spine)- 

The  principal  axis  of  the  confidence  ellipsoid  gives  that  line 
along  which  the  greatest  variation  in  the  portion  of  the  point  occurs. 
(See  Table  8 )•  This  analysis  is  sometimes  called  principal  components 
analysis.  This  line  most  frequently  lies  in  the  xz-plane  for  points  in 
the  upper  body.  The  axis  of  least  variation  follows  the  y axis  with 
negligible  components  in  the  z and  x directions. 

The  graphs  of  Figure  23,  are  a projection  of  the  ellipsoid  axes 
onto  the  xz  plane.  The  origin  of  each  graph  is  at  the  mean  x-coordinate 


Figure  22.  Correlations  of  Landmarks  with  Iliocristale. 
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Table  7.  Covariance  Matrices  of  Landmarks 
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Table  7.  (Cont.) 
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Table  8.  Principal  Components  Analysis  of  Three-Dimensional 


Stewardess  Data. 
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Figure  23.  Projection  of  Least  Volutne  Ellipsoid  Axes 

Scaled  to  Explained  Variance,  On  To  X'Z  Plane' 


i — «1  Axis 


Note:  Axis  1 is  the  axis  of  greatest  variation  and  axis  3 is  the  axis 

of  least  variation. 


Figure  23.  (Cont.) 
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and  y-coordinate  of  the  landmark  position.  The  length  of  an  axis 
is  drawn  proportionately  to  the  amount  of  variance  along  that  axis. 

These  graphs  indicate  the  variations  of  the  position  of  the  landmarks 
in  the  xy  plane.  The  graphs  are  scaled  the  same,  and,  thus,  they  may 
be  compared. 

The  graphs  of  Figure  24,  compare  the  y-component  of  variance 
along  the  three  principal  axes.  These  graphs  represent  the  magni- 
tude of  variance  projected  onto  the  perpendicular  y-axis.  These  graphs 
are  proportional  but  are  not  of  the  same  scale  as  those  of  Figure  23. 

However,  the  graphs  of  Figures  23  and  24  can  be  used  to  represent  the 
three-dimensional  anthropometric  data. 

The  analysis  of  the  different  sources  of  variation  points  out  some 
very  interesting  characteristics  of  the  flight  attendant  trainees  and 
perhaps,  the  general  poulation.  The  high  x and  xz  components  of  variation 
indicate  that  in  a normal  seated  position,  individuals  have  a tendency 
to  bend  forward.  The  smaller  y components  and  non-existent  yz  and  yx 
components  indicate  that  individuals  do  sit  fairly  straight  in  the 
frontal  plane--that  is,  they  do  not  lean  to  one  side  or  the  other  or 
sit  twisted.  These  results  support  the  observation  that  individuals, 
for  any  position,  can  bend  forward  at  the  waist  with  relative  ease  and 
only  with  great  difficulty  can  they  bend  the  same  distance  to  the  side 

or  twist  any  large  angle  to  the  side.  This  large  variation  of  the  body  ‘ 

■ 5 

in  the  x direction  will,  therefore,  cause  some  difficulties  in  modeling  | 

I 

from  empirical  data  sources. 

Unlike  the  upper  part  of  the  body,  the  pelvis  is  fairly  fixed  in 
a seated  position.  Therefore,  the  coordinate  data  of  landmarks  on  the  j‘ 
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pelvis  should  indicate  more  of  the  variability  in  the  size  and  shape  of 
the  bone  than  in  the  variability  in  seated  positions.  The  confidence 
ellipsoids  for  iliocristale  and  anterior  superior  iliac  spine  are 
nearly  spherical  in  shape  indicating  a fair  degree  of  independence  of  the 
X,  y,  and  z coordinates.  This  property  will  be  analyzed  further  on  the 
Hamann-Todd  collection. 
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4.6.  Geometric  Model  Estimates  of  Inertial  Properties  of 

Body  Segments. 

B . Bowman 

The  inertial  properties  of  each  body  segment  must  be 
described  in  order  to  complete  the  anthropomechnaical  model  of 
the  body.  The  limbs,  in  particular,  appear  to  be  suitable 
candidates  for  rigid  geometric  body  analogies  such  as  cylinders 
and  frusta  of  cones  (elliptical  or  circular).  As  a result  a 
portion  of  the  Phase  I effort  was  directed  towards  several  small 
tasks  associated  with  these  models. 

4.6.1.  Analytical  Determination  of  the  Inertial  Properties 
of  a Cored  Frustum  of  a Right  Elliptical  Cone.  During  Phase  I, 
the  following  problems  were  solved: 

A.  Analytical  determination  of  the  moment  of  inertia  about 
the  longitudinal  principal  axis  of  cored  frustum  of  a right 
elliptical  cone. 

a.  The  eccentricities  of  the  upper  and  lower  outside 
cross  sections  must  be  equal; 

b.  The  interior  core  is  in  the  shape  of  the  frustum 
of  a right  elliptical  cone  with  equal  eccentricities 
of  the  upper  and  lower  cross  sections; 

c.  The  interior  core  may  be  a density  different  from 
that  of  the  outer  section. 

d.  Eccentricities  of  the  inner  and  outer  cross  sections 
need  not  be  equal ; 

e.  Principal  axes  of  elliptical  cross  sections  may  not 
be  skewed  with  respect  to  each  other. 
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B.  Analytical  determination  of  moments  of  inertia  about 
the  lateral  principal  axes  of  the  aforedescribed  frustum. 

C.  Analytical  determination  of  the  mass  and  the  location  of 
the  center  of  mass  of  the  cored  frustum. 

Formulae  for  the  evaluation  of  these  inertial  properties  and 
others  are  given  in  the  following  sections.  The  analytical  quantities 
used  in  the  formulasare  defined  in  Table  9 and  illustrated  in  Figure  25 


density  = p 
density  = p, 


center 
of  mass 


A Cored  Frustum  of  a Right  Elliptical  Cone 
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Table  9.  TABLE  OT’  INERTIAL  PHDPEKIY  PARAMETERS 


PARAMETERS 

DEFINITIONS 

h 

Hci^t  of  cored  frvistum  of  a right 
ellipticiil  cone 

A subscript  indicating  the  inner 
frustum,  or  core 

"o" 

A subscript  indicating  the  outer  shell 
of  the  cored  frustum 

a.  ,b. 

i'  1 

Ellipse  X-  and  y-  semi-axis  dimensions 
of  the  "top"  of  the  core 

Ellipse  X-  and  y-  semi-axis  dimensions 
of  the  "top"  of  the  outer  shell 

A.,B. 

Ellipse  X-  and  y-  semi-axis  dimensions 
of  the  "base"  of  the  core 

Ellipse  X-  and  y-  semi-axis  dimensions 
of  the  "base"  of  the  outer  shell 

The  core  and  outer  shell  circumferences 
at  the  top  and  base  of  the  cored  fnastimi 

A proportionality  constant  relating 
the  semi-axes  of  all  cross  section  of  the 

bi 

ai  Aj  Vi 

Yo 

A proportionality  constant  relating 

the  semi-axes  of  all  cross  sections  of 

the  outer  shell,  e.g. , ^ 

o _ o _ 

a_  A '''^o 

o o 
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PARAMETERS 

DEFINITIONS 

Ihe  volumes  of  the  core,  outer  shell, 
and  ccnposite  cored  frustum 

"i'v^ 

The  mass  densities  of  the  core,  outer 
shell,  and  conposite  cored  frustum 

M.  ,M  ,M 
1 o 

The  masses  of  the  core,  outer  shell, 
and  oonposite  cored  frustum 

Wi,W^,W 

The  weight  of  the  core,  outer  shell, 
and  ocaiposite  cored  frustum 

The  mass  nonents  of  inertial  of  the 
ccnposite  cored  frustvim  about  the 
principle  ases  x-x,  y-y,  z-z. 

Distance  frcm  the  "top"  of  the  frustinn 
vAiich  locates  the  center  of  mass  of 
the  ccaiposite  cored  frustum  on  the 
longitixlinal  axis 


4.6. 1.1.  Definition  of  a Mathematical  Operator. 


It  is  convenient  for  the  purpose  of  presenting  formulae 
for  the  inertial  properties  of  the  cored  frustum  of  a right 
eliptical  cone  to  use  a special  mathematical  notation.  In 
the  formulae  which  appear  in  the  following  sections  the  symbol 
"E"  is  a linear,  algebraic  operator  defined  as  follows: 

Where  f is  any  function  of  parameters  that  must  be 
subscripted  either  "i"  (inner  frustim,  or  core)  or 
"o"  (outer  shell  of  the  cored  frustiim) . 

$ PoW^i'^i'  1. 

where  f.  and  f are  evaluations  of  f for  "i"  parameters  and 
3.  o 

"o"  - parameters,  respectively. 

As  an  example,  consider  the  simple  expression 

J2  = y — (a^+aA+A^)  . 

3 


Since  A,  a,  and  y are  parameters  which  require  subscripts  (see 
Table  9 ) , this  relation  is  evaluated  by  the  definition  in 

Equation  1 as 


*^2=  3 fPo  Yo<Aj+A^a^+a^  ) - (p^-p  . ) (A?+A . a . +ap  ) 


4.6. 1.2.  Constants. 

All  basic  inertial  properties  of  a cored  frustum  of  a right 
elliptical  cone  of  given  dimensions  can  be  expressed  in  terms  of 
five  constant  functions,  Ji,  J2,  Ja,  Ji,»  and  J5  where: 

Ji  = ^ 1^ 

* These  parameters  are  y,  a.  A,  b,  B,  c,  and  C. 
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J2=  3 + aA  + AM 


h(l  + (^4+  ^3;^  + a2;^2+  ^ “ ) 


Zh(l  + 2 

T 


_ V hMl 

L,  6( 


(a^+  3aA  + 6AM 


Js  = ^ hI5±2lI±I^  {a“+  a'A  + a^A^  aAM  aM 


Here,  X]  is  the  linear  operator  defined  in  the  preceding  section 
and  Y designates  the  ratios 

b . B . 7 

d ' "i  ^ ^ 

and 

b B 

Y = -O  = -2  8 

’o  a^  A^ 

o o 


4.6. 1.3.  Mass  Properties. 


The  total  mass  of  the  cored  frustvim  is 


M — IT  J2  . 


The  mass  of  the  core  is 


M.  - 
^ 3 


(a’  + A’  ) 


The  mass  of  the  outer  shell  is 


M = M-M. 
o 1 
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.r'ti-.. 


r 


The  center  of  mass  lies  on  the  longitudinal  principal 

axis  at  a distance  of  Z from  the  "top"  of  the  cored  frustum, 

the  end  with  semi-axis  dimensions  a and  b : 

o o 


Z = J1/J2 


12. 


The  distance  from  the  "base"  is  h - Z. 


The  volumes  of  the  core  and  outer  shell,  respectively,  are 


and 


V.  ^ M./P • 
1 11 


V = M /p 
o o o 


13. 


14. 


The  total  volume  of  the  cored  frustum  is: 


V = V.  + 

1 o 


and  its  average  density  is 


15, 


p = M/V 


16. 


4.6. 1.4.  Moments  of  Inertia. 

The  mass  moments  of  inertia  of  the  cored  frustum  about  the 
principal  axes  are  given  in  Equations  17) , 18) , and  19) . The 
axis  x-x  in  Figure  25  is  in  the  direction  of  the  "a"  and  "A" 
ellipse  axes,  and  y-y  is  in  the  direction  of  the  "b"  and  "B"  axes. 
The  axis  z-z  is  the  longitudinal  axis  of  the  cored  frustum.  The 
principal  axes  are  mutually  orthogonal  and  intersect  at  the 
center  of  mass. 


Ix  ■n(J3+  Ji  /J2) 


17. 


-no- 


ly  “ JS"  /J2) 

= Ti(J3  + J5) 

* 

4.fi.1.Fi.  Use  of  the  Formulae.  The  relations  given  in 
Equations  1)  through  19)  may  be  used  to  calculate  all  basic  inertial 
properties  of  any  circular  or  elliptical,  cored  or  uncored,  right  cyl- 
inder, cone,  or  frustum.  There  are  only  two  restrictions:  1)  The  core 

and  outer  shell  must  be  homogeneous  with  respect  to  mass  distribution, 
i.e.,  the  mass  densities  and  must  be  constants.  2)  Eccentricities 

of  cross  sections  of  both  the  core  and  the  outer  shell  must  be  invar- 
iant with  respect  to  longitudinal  position,  although  eccentricities  of 
the  inner  and  outer  cross  sections  need  not  be  equal. 

4.6.?. Computer  Evaluation  of  Inertial  Properties. 

A task  which  will  be  completed  near  the  beginning  of  Phase  II  is  the 
development  of  a computer  program  which  will  evaluate  the  analytical 
expressions  for  inertial  properties  presented  in  the  foregoing  sections. 
This  program  will  accept  as  input:  1)  the  height  of  the  cored  frustum; 

2)  a pair  of  weights  or  weight  densities  or  a density  - v/eight  pair 
for  core  and/or  outer  shell  and/or  total  frustum;  and  3)  the  two  semi- 
axis  lengths  or,  optionally,  one  semi-axis  length  and  the  circumference 
for  each  of  the  four  elliptical  cross  sections  which  describe  the  core 
and  outer  shell  of  the  composite  frustum  at  its  "top"  and  "base". 

Example  output  from  a preliminary  version  of  the  computer  program 
is  shown  in  Table  10. 
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4.7.  Measurement  of  Striated  Muscle  Density 


J.  Freeman 

A methodology  for  determination  of  the  density  of  unpreserved 
human  striated  muscle  tissue  has  been  developed  at  HSRI.  The  density  of 
human  striated  muscle  will  be  used  in  formulae  developed  in  Phase  I of 
this  project,  describing  the  inertial  properties  of  cored  frusta  of  right 
elliptical  cones.  Using  these  formulae,  modeling  of  body  segments  with 
two  different  homogenous  volumes  will  be  possible.  Thus,  a segment,  such 
as  the  thigh,  may  be  modeled  with  soft  and  hard  tissue  densities  representati 
of  the  body  muscle  and  bone  densities.  The  density  of  human  bone  tissue  has 
been  documented  in  both  the  fresh  and  preserved  conditions  (Blanton  and 
Biggs,  1968).  However,  human  muscle  density  has  been  best  documented  only 
on  preserved  specimens  (Clauser,  et  al.,  1969).  This  study  has  been 
undertaken,  therefore,  to  provide  a determination  of  the  density  of 
unpreserved  human  striated  muscle. 
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4.7.1.  Procedure.  This  investigation  will  proceed  in  two  parts: 


an  initial  data  gatherirg  phase,  and,  once  12-15  cadavers  have  been 
sampled,  a data  analysis  phase.  The  work  done  with  each  cadaver  during 
the  data  collection  phase  will  itself  be  composed  of  two  parts:  an 

initial  Anthropometric  and  Roentgenographic  examination  of  the  cadaver, 
and  within  the  following  24  hours,  a determination  of  the  density  of 
muscle  tissue  sampled  from  the  cadaver.  Sample  sites  have  been  chosen 
in  the  upper  and  lower  extremities  as  well  as  the  torso.  Muscle 
tissue  taken  from  the  extremities  during  the  initial  examination  will  be 
excised  in  the  shape  of  a roughly  one  to  two  inch  cylinder  from  the  belly 
of  each  muscle  chosen.  Samples  from  muscles  in  the  torso  will  be  taken, 
if  possible,  at  sites  where  large  continuous  amounts  of  muscle  are  found 
without  encroaching  fascia  or  other  connective  tissues.  Small  slivers 
of  tissue  will  later  be  removed  from  these  large  tissue  samples  for  the 
actual  determination  of  muscle  density. 

The  initial  examination  of  the  cadaver  will  yield  information 
through  several  approaches  (refer  to  figure  26  sample  cadaver  examination 
sheet  showing  measurements  expected  to  be  taken).  Anthropometric 
measurements  will  be  made  of  the  cadaver  overall  as  well  as  measurements 


^ which  can  be  related  more  directly  to  those  parts  of  the  body  from  which 

i samples  will  be  taken.  In  addition,  skinfold  measurements  and  measure- 

■<1 

cl 

ments  of  fat  thickness  above  the  sample  sites  will  be  taken.  The  maximum 


circumference  of  the  muscle,  where  appropriate,  will  also  be  recorded. 


I This  information,  together  with  data  on  bone,  muscle  and  fat  breadth 

I 

! obtained  from  x-ray  studies  should  enhance  our  understanding  of  the 

relationship  of  muscle  density  to  size. 

( 


M •t  4 


0A1E  / / 


subject  MO. 

fOMUm  (Mr«cMtor«<J1alU) 

1.  AntMretw'vtry 

I. 

fltcroAOA'Siyl^on  !• 
CirturJtrtnct 
MrUt  Crkir.ffffncf 


(IMUUl  lOOT  COftOmON: 


CAUSE  or  DEATH: 


OmR  AW  (4»cep»  br«chtt,  Trlctpt  brichli  - lon9  *‘**4) 


1.  Anthropot'etry 

AcrOM(Qn*A«di«1e  T. 
Ann  Crrcu^Eerenc* 
flbow  Arc^dCA 

I.  1-IUy 

lone  Irr^^th 
Kmclr  IreadtH  Ant. 

lott. 

Vat  Breadth  Ant. 

VeU. 

).  Ufnfold 

Keeps  bracMI 
Irlceps  bracHU 
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Keeps  brachM 
Triceps  brachM 
I.  Ibiscle  Circumference 
Keeps  bracMI 
Triceps  brachM 


Bone  Breadth  t 
Mwiclc  Breadth  Ant. 

lest. 

Vat  Breadth  Ant. 

Vest. 

>.  SUMoU 

IrachforadlaMs 

4,  Vat  Thicincss 

BrachloradlaMs 
B.  Muscle  Clrcie-ference 
Brachloradtal is 


THICK  (Rectus  fenorls.  Biceps  fe-iorls  - long  hei: 
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DATE  / / 
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Figure  26.  Sample  Cadaver  Examination  Sheet. 
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Muscles  from  which  samples  will  be  taken  have  been  chosen  for 
their  size  as  well  as  ease  of  identification.  Where  possible  samples 
will  be  taken  from  the  right  side  of  the  body.  Those  muscles  chosen 
for  sampling  in  the  extremities  include:  Biceps  brachii  and  Triceps 

brachii  (long  head)  in  the  arm;  Brachioradial is  in  the  forearm;  Rectus 
femoris  and  Biceps  femoris  (long  head)  in  the  thigh;  and  the  medial  head 
of  the  Gastrocnemius  in  the  shank.  The  neck,  back  and  axilla  will  be 
sampled  in  the  trunk  as  represented  by  the  Trapezius,  Latissimus  dorsi 
and  Pectoralis  major  muscles,  respectively. 

Muscle  density  measurements  will  be  made  on  three  slivers  of 
tissue  from  each  of  the  nine  muscles  dissected  from  each  cadaver. 

Each  sliver  will  be  dissected  from  its  muscle  sample  to  cause  as  little 
distortion  in  the  tissue  as  possible.  The  sliver  will  be  immediately 
weighed  on  a double-pan,  analytical  balance  and  then  immersed  in  a 25  ml . 
pycnometer  filled  with  distilled  water.  Care  will  have  been  taken  to 
assure  that  the  muscle  tissue.  Pycnometer  and  room  are  approximately  in 
thermal  equilibrium  as  fluctuations  in  temperature  can  effect  the  accuracy 
of  the  resultant  density  determination.  The  Pycnometer  will  be  quickly 
immersed  in  a 50  watt  ultrasonic  bath  to  remove  any  air  bubbles  adhering 
to  the  tissue  or  the  inner  surface  of  the  Pycnometer.  The  Pycnometer 
will  then  be  sealed,  and  at  the  end  of  a two  minute  stabilization  period, 
the  Pycnometer  will  be  weighed.  Following  Figure  27,  which  shows  the 
data  sheet  and  calculations  to  be  used  in  the  density  determination 
procedure,  (the  format  of  which  was  kindly  volunteered  by  Clauser, 


) 


McConville  and  Your^ , we  can  see  that  if  the  weights  of  the  empty  and 
water-filled  Pyncometer  are  already  known,  and  if  the  ambient  temperature 
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Date  / / Card 

Subject  number 

Tissue  sample Sample  Site 


1. 

Wt. 

of  sample  Water  temp. 

2. 

Wt. 

of  bottle 

3. 

Wt. 

of  bottle  plus  water 

4. 

Wt. 

of  bottle,  water  and  sample 

5. 

Wt. 

of  water 

(3-2) 

6. 

Wt. 

of  water  and  sample 

(4-2) 

7. 

Wt. 

of  water  less  Wt.  of  Sample 

(6-1) 

8. 

Wt. 

of  water  less  water  not  displ 

(5-7) 

9. 

Displaced  vol.  (8)*(temp.correc. ) 

inti . 

10.  D=mass(l) 

vol . {9) 

11.  Dry  sample  Wt 

12.  % HgO  (100-(11/D) 

Figure  27.  Sample  Data  and  Calculation  Sheet  used  in  Tissue  Density 
Determination  Process. 
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is  known,  the  density  of  the  muscle  tissue  may  be  calculated.  A 
determination  of  the  percent  of  water  in  muscle  tissue  will  then  also 
be  performed  as  shown  in  the  bottom  of  the  form  in  Figure  27. 

4.7.2.  Discussion.  In  any  micro-analytical  research  s'uch  as 
this,  much  consideration  must  be  given  to  the  discovery  of  sources  of 
error  and  their  possible  solutions.  Below  are  listed  potential  sources 
of  error  in  this  research  and  the  procedures  which  have  been  devised 
to  reduce  or  quantify  them. 

- air  bubbles  - 

Air  bubbles  in  the  Pycnometer  could  cause  an  error  in  volume  deter- 
mination. Therefore,  prior  to  sealing,  the  Pycnometer  is  immersed 
to  its  neck  in  an  ultrasonic  bath  removing  air  bubbles  from  the  sides 
of  the  vessel  or  tissue. 

- Evaporation  of  water  from  the  Pycnometer  - 

Initially  very  noticeable  as  an  instability  in  serial  weight 
readings,  has  been  controlled  by  thoroughly  drying  the  outside 
of  the  Pycnometer,  sealing  the  ground  glass  joints  with  stop-cock 
grease  and  allowing  a two  minute  stabilization  period  after  sealing 
before  the  weight  of  the  Pycnometer  is  measured. 

- Evaporation  of  water  from  tissues  - 

Evaporation  of  water  from  tissue  samples  is  a serious  problem  that 
could  cause  distortion  of  tissues  and  changes  in  density.  Sealing 
tissue  samples  in  air-tight  bags  immediately  after  removal  from 
the  cadaver  and  a reduction  of  open-air  time  to  an  absolute  minimum 
should  reduce  water  loss  from  tissues  and  the  resultant  error. 
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Similarly,  the  total  elapsed  time  between  tissue  removal  and  density  | 

measurement  will  be  kept  to  a minimum  so  that  tissues  will  not  need  f 

I 

to  be  frozen  or  preserved  - which  could  possibly  cause  tissue  | 

distortion  or  water  loss, 

- Temperature  Fluctuations  - 

The  density  of  the  muscle  tissue  as  well  as  that  of  water  will 
change  with  temperature.  Therefore,  all  density  measurements  will 
be  carried  out  at  a standard  room  temperature.  (21-22°C). 

- Tissue  Distortion  - 

Since  large  muscle  samples  must  first  be  removed  from  the  cadaver 
and  then  slivers  made  from  these  samples,  the  possibility  of 
mechanical  distortion  of  the  tissue  is  high.  However,  careful 
manual  dissection  appears  at  this  time  to  be  the  least  destructive 
technique  for  producing  small  muscle  samples  for  the  Pycnometer. 

This  is  a problem  area  which,  at  this  time  appears  not  to  have  an 
ideal  solution. 


4.7.3.  Summary. 

The  data  collected  in  this  study,  based  upon  the  examinations  of 
12-15  cadavers  and  over  three  hundred  density  determinations,  will 
enable  a confident  statement  of  the  density  of  unpreserved  human 
striated  muscle  and  may  allow  further  understanding  of  the  relationship 
between  anthropometrical  measurements  and  the  physical  structure  of 
the  human  body. 
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6.0.  Summary,  Conclusions  and  Recommendations. 


Phase  I has  developed  a measurement  technique  and  examined  some 
three-dimensional  anthropometric  data  for  analyzing  variation  in  a sample 
of  subjects  fixed  in  space  and  time.  Stereoradiograpfy  appears  to  pro- 
vide an  accurate  measurement  technique  for  the  three-dimensional  location 
of  surface  and  skeletal  landmarks.  Some  problems  may  be  encountered, 
however,  in  the  use  of  this  measurement  system  to  investigate  the  joint 
kinematics  relative  to  those  landmarks  if  the  linkage  geometry  is  rate 
dependent.  Stereoradiography  and  the  method  of  principal  components  analysis 
are  equally  well-suited  for  three-dimensional  anthropometry  of  fixed 
subjects.  Some  three-dimensional  anthropometric  data  have  been  summarized 
through  principal  components  analysis  which  defines  the  shape  of  the  three- 
dimensional  data  by  magnitude  (variance)  and  direction  (direction  cosines). 

Phase  II  is  investigating  the  measurement  and  analytical  require- 
ments of  anthropometry  of  a three-dimensional  body  moving  in  space  and  time. 
Phase  II  will  use  data  from  a limited  sample  for  development  of  anthropo- 
metric hypotheses  about  the  population  as  dynamic  systems.  The  human 
linkage  system,  one  of  the  least  quantified  components  of  systems  anthro- 
pometry will  be  investigated.  This  investigation  will  begin  with  the 
lumbar/pelvic/femur  linkage  system.  Additional  research  on  other  areas 
of  the  human  linkage  system  will  be  required.  In  particular,  we  recommend 
that  the  present  effort  continue  into  an  examination  of  the  spinal  column 
and  shoulder  linkage  system.  The  results  of  Phase  II  will  need  to  be 
substantiated  in  a larger  sample,  but  more  importantly,  the  spinal  column 
must  be  examined  with  respect  to  its  interdependence  with  the  lumbar/pelvic/ 
femur  system.  We  feel  that  significant  progress  towards  a systems  anthro- 
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ponietry  can  be  obtained  by  additional  research  on  the  human  torso. 

In  conclusion,  the  role  that  systems  anthropometry  can  take  in 
handling  real-world  design  problems  that  require  human  interface  appears 
to  be  significantly  larger  than  a comparable  position  for  traditional 
anthropometry.  Anthropometry,  in  general,  has  long  been  considered  a 
useful,  but  limited,  research  tool.  One  of  its  criticisms  has  centered 
on  the  highly  personal  manner  in  \^ich  the  measurements  have  been  selected 
and  made.  Landmarks  have  been  identified  ty  training  and  experience, 
and  dimensions  have  been  measured  relative  to  an  often  poorly  defined 
series  of  external  and  internal  planes.  Systems  anthropometry  as  a 
three-dimensional  mensuration  technique  uses  well-defined  axis  systems, 
and  any  desirable  geometry  may  be  specified  within  the  three-dimensional 
array  of  landmarks.  The  definition  and  identification  of  landmarks  as 
well  as  population  differences  in  the  location  of  these  landmarks  will 
remain  as  sources  of  variation  in  systems  anthropometry  that  must  be 
statistically  analyzed.  The  practicality  of  the  new  anthropometric  techniques 
of  systems  anthropometry  must,  however,  be  demonstrated. 
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